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Abstract
In this thesis we use radio-interferometric observations to probe the intensity fluctua-
tion power spectrum of the neutral hydrogen (H i ) 21-cm emission from the interstellar
medium (ISM) of the external galaxies. We develop a visibility based power spectrum
estimator to probe the power spectrum directly from the interferometric observations
and also estimate the errors in it. A numerical simulation of synthetic observations
is also performed to access the efficacy and limitations of this estimator. We use this
estimator to evaluate the power spectrum of three individual spiral galaxies, a dwarf
galaxy sample and THINGS ∗ spiral galaxies. In each case, the power spectrum is found
to follow a power law PHI(U) = AU
α over a specific length scale range. The estimated
value for the slope α ranges from ∼ −1.5 to ∼ −2.6 for the sample of dwarf galaxies.
We interpret this bi-modality as arising due to 2D turbulence on length scales much
larger than the scale-height of the galaxy disk and 3D otherwise. The power law slope
also show a weak correlation with the surface density of star formation rate for these
galaxies. We found for the external spiral galaxies the power spectrum is a power law up
to a length scale of 10 to 16 kpc, indicating turbulence to be operational at these large
length scales. We measure the scale-height of the external nearly face-on spiral galaxy
NGC 1058 to be ∼ 500 pc interpreting a change in the slope observed in it’s power
spectrum. Power spectrum of the harassed galaxy NGC 4254 is found to be affected by
galaxy harassment. For 18 spiral galaxies derived from the THINGS sample we found
no correlation between the power law slope and the different dynamical parameters of
these galaxies. For most of the dwarf and spiral galaxies, the intensity fluctuation power
spectrum is found to be a direct probe of the density fluctuation and not affected by the
velocity fluctuations in ISM. We would attempt to understand these new observations
in terms of physical models of the ISM in future.
Keywords: Interstellar Medium, Turbulence, Galaxies, Scale-height, Power Spec-
trum, visibility correlation.
∗THINGS: The HI Nearby Galaxy Survey
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1 Introduction
It is now well established (Binney and Merrifield, 1998) that all galaxies have an in-
terstellar medium (ISM) irrespective of their morphological class. This medium carries
10− 15% of the baryonic mass of a galaxy and is known to contain rarefied gas (mostly
hydrogen and helium), dust (silicate and graphite), relativistic electrons and large scale
magnetic fields. The structure of the ISM is different in the spiral and irregular galaxies
compared to that in ellipticals. Moreover, for most of the observed galaxies, the gaseous
ISM extends well beyond the stellar disk. Most of this gaseous medium is hydrogen
(70%) and helium (28%), whereas there is a trace of the heavier elements (1.5%) in-
jected to the ISM during supernovae. Interstellar matter is distributed in discrete clouds
of molecular and atomic gas with no preferred cloud scale. The molecular clouds have a
temperature of about 100 − 200 K compared to the cold atomic gas with temperature
50− 100 K. These denser clouds occupy only 1− 2% of the interstellar space and con-
stitutes half of its mass. The rest of the ISM in between these clouds consists of warm
neutral and ionized gas. These various forms of interstellar matter are highly coupled
and is regarded as a single dynamical entity. In the process of star formation, clumps of
ISM driven by gravity collapses to give birth to stars, whereas, dying stars in supernovae,
ejects a huge amount of gas, dust and metal in the ISM making it highly coupled with
the stellar disk of the galaxy.
1
1 Introduction
1.1 A short overview on the ISM turbulence
Over the last few decades the structure and dynamics of the ISM has been extensively
studied by observing it in both emission and absorption. The ISM is found to have
rich scale invariant structures arranged in clouds of different shapes and sizes. Based on
various observations and theoretical understandings it is now believed that the ISM is
turbulent. Elmegreen and Scalo (2004) give a review of the progress in observations of
ISM turbulence over the last few decades whereas Scalo and Elmegreen (2004) review
the theoretical implications and effects of these observations.
Pioneering work in the theory of ISM was done as early as 1951 by von Weizsa¨cker
(1951). He outlined a model for the ISM with a hierarchy of structures formed by the
supersonic turbulence stirred at the large length-scales and dissipated at small scales by
atomic viscosity. In the following year one of the first statistical models of a continu-
ous and correlated gas distribution was proposed by Chandrasekhar and Mu¨nch (1952),
who successfully applied it to the extinction fluctuations of Milky Way surface bright-
ness. Observationally, absorption of starlight by the Na and Ca+ ions revealed clumpy
structure of the ISM (Binney and Merrifield, 1998).
Recent observations and numerical modellings, suggest that supersonic turbulent flows
play a large role in the processes of star formation (Li et al., 2003). Va´zquez-Semadeni et al.
(2003) have shown, that first the transient clumpy molecular cloud structures are gener-
ated through turbulent fragmentation and then the individual clumps collapse to form
proto-stars.
Turbulence generates scale-invariant stochastic fluctuations in the velocity and den-
sity field of the ISM. These fluctuations can be traced observing the ISM in emission
and absorption lines of gas and metals. Observationally, statistical estimators are used
to quantify the nature of these fluctuations as well as the turbulence that generated by
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them. Velocity fluctuations are quantified using structure function of order two whereas
auto-correlation function or the power spectrum is used to determine the density fluc-
tuations. Most of the knowledge of ISM turbulence is acquired using these statistical
measures. Here we briefly discuss a few statistical tools which are widely used to measure
and quantify the ISM turbulence.
Auto-correlation function and power spectrum
The stochastic density field generated by fully developed turbulence is statistically homo-
geneous and isotropic and is believed to follow the Gaussian statistics. The statistical
nature of such fluctuations can be completely specified by either the auto-correlation
function or the power spectrum. The auto-correlation function ξA(| δr |) of any homo-
geneous and isotropic scalar field A is defined as
ξA(| δr |) = 〈A(r)A(r + δr)〉 . (1.1)
Fourier transform of the auto-correlation function is known as the power spectrum, i.e,
PA(k) =
∫
dreik·rξA(| δr |) , (1.2)
where k =| k |. For both the above definitions, the angular brackets denote ensemble
averages. For a scale-invariant fluctuation both the auto-correlation function as well as
the power spectrum are expected to follow power laws, i.e, PA(k) ∼ kα. The slope of
these power law α is believed to be a good quantifier of the nature of the turbulence
generating these structures.
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Structure function
The structure function of order p for an observable A is defined as
Sp(| δr |) = 〈| A(r)− A(r + δr) |p〉 . (1.3)
For a scale-invariant field, Sp(δr) are also expected to be power laws, i.e, Sp(δr) ∼ δrζp.
It is to be noted that the structure function of order two is directly related to the
auto-correlation function by S2(| δr |) = 2(< A2(r) > −ξ(| δr |)).
Delta variance
Another common measure of a stochastic field is the delta variance defined as
σ2∆(L) =
〈∫ 3L/2
0
dx [(A(r + x)− < A >)Θ(x)]2
〉
, (1.4)
where the cutoff function Θ is given by
Θ(x) = pi
(
2
L
)2
×


1 if x < L/2,
1
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if L/2 < x < 3L/2.
(1.5)
Power spectra measurements are typically limited by sample variance at large length-
scales. Delta variance avoids this problem by using the cutoff function Θ(x).
It is to keep in mind that the estimators discussed above do not provide complete infor-
mation if the stochastic field they probe has non-Gaussianity. Probes for non Gaussian
fluctuations include structure function of higher order, higher order correlation functions,
bispectrum, trispectrum etc. However, measuring these from the present observations is
very difficult and is not usually addressed.
4
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Most of the known facts about ISM turbulence is inferred by estimating the above
quantifiers from mostly spectroscopic observations and then comparing to existing mod-
els of turbulence. Here we discuss how some important aspects of ISM turbulence are
inferred from various observations.
1.1.1 Observations an inferences
von Hoerner (1951) found that the structure function of velocity fluctuations in the di-
rection of the Orion nebulae is a power law. The slope was found to be ∼ 0.25−0.5 which
indicated a Kolmogorov energy spectrum. However, using a better data Wilson et al.
(1959) got a steeper power law with slope ∼ 0.6 and inferred in favour of compressible
turbulence.
Apart from being scale-invariant, the density field generated by turbulence is also
intermittent. Radio scintillation observations showed the clumpy nature of ISM at
very small scales down to 107 m or lower (Little and Matheson, 1973). These could
be understood using a model of magnetic turbulence generated by streaming instabil-
ities (Wentzel, 1968). However, the relation of turbulence at these small length-scales
and that observed at parsec length-scales was not very well understood.
During 1980s, a series of observation of spectral line-width at different line of sight
revealed power law correlations. Gill and Henriksen (1990) introduced wavelet transfor-
mation for the analysis of 13CO centroid velocities in L 1551, and the measured velocity-
size slope was 0.7. Hobson (1992) used a clump finding algorithm and various other
correlation techniques for HCO+ and HCN along M 17SW. They found scale-invariant
fluctuations for scales < 1 pc. Miesch and Zweibel (1994) used the structure function
to determine a slope of 0.43± 0.15 for the velocity-size relation.
Comparing delta variance observations with models with and without gravity Ossenkopf et al.
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(2001) concluded that self gravity increases power at small scales. The observations of the
Polaries flare by Ossenkopf and Mac Low (2002) is compared with the models of delta
variance for isothermal MHD turbulence. They found that the turbulence is driven from
outside and the dissipation scale is smaller than their resolution scale.
Observing the extinction in the Taurus region, Padoan et al. (2002) found that ζp/ζ3
varies for p = 1 to 20 in a similar manner as in a model of supersonic turbulence
proposed by Boldyrev et al. (2002). In these models the dissipation of supersonic tur-
bulence occurs in sheets giving ζp/ζ3 = p/9 + 1 − 3−p/3 assuming She-Leveque scaling
(She and Leveque, 1994). Padoan et al. (2003) got a similar result observing 13CO emis-
sion lines along Perseus and Taurus.
There is a considerable amount of effort in quantifying the scale-invariant structures
present in the ISM using fractal and multi-fractal analysis. Perimeter area dimension are
measured for the contour maps of 100 micron dust intensity (Bazell and Desert, 1988),
CO emission (Falgarone et al., 1991) etc. The estimated value for the perimeter area
dimension was 1.2 − 1.5 which is consistent with that of a slice from the 3D structures
observed in the terrestrial clouds and laboratory turbulence (Sreenivasan, 1991).
Chappell and Scalo (2001) have performed multi-fractal analysis of the column density
maps derived from IRAS (The Infrared Astronomical Satellite) 60 µ and 100 µ images.
They observed the region to region diversity in the multi-fractal spectra was significantly
different from that expected from incompressible turbulence.
These observations not only established that the ISM has clumpy scale-invariant struc-
tures generated by turbulence over a large length-scale range, but also provided hints for
the characteristics of the ISM turbulence. Though initially some similarity was found
with the Kolmogorov energy spectrum, it is now believed that ISM turbulence is quite
different. It is a compressible and supersonic fluid turbulence driven at different scales by
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different mechanisms and induces scale-invariant multi-fractal structures in the density
as well as the velocity field.
1.1.2 Energy sources
There is no wide-scale effective model for ISM turbulence which can explain all the ob-
served features. The physical processes responsible for turbulence also differ enormously
across the length-scales.
At smaller scales radio scintillation observations of intermittency can be well explained
by sonic reflection of shock waves (Ikeuchi and Spitzer, 1984; Ferriere et al., 1988), cos-
mic ray streaming and other instabilities (Wentzel, 1969; Hall, 1980), energy cascades
from larger scales etc. Lazarian et al. (2004) suggested that moderate turbulence can be
maintained in the ionized clouds by variations in the background ionizing UV radiation.
Norman and Ferrara (1996) recognized that most Type II SN contribute to cluster winds
and super-bubbles at a length-scale range of 100− 500 pc.
The gravitational binding energy of a galaxy disk heats the stellar population during
swing-amplified shear instabilities (Fuchs and von Linden, 1998) and also heats the gas
triggering turbulence (Huber and Pfenniger, 2002). These gas clouds contiguously col-
lapse to feed more turbulence at the smaller scales (Semelin et al., 1999). This kind of
gravitational source for turbulence is consistent with the observed power spectra of floc-
culent spiral arms (Elmegreen et al., 2003). Since gravity acts at all the length-scales,
the self gravity can feed turbulence at a wide range of length-scales.
Since ISM extends well beyond the stellar disk, galactic rotation driven turbulence
can be effective at the outer regions of the galaxy’s disk. Magneto-rotational instability,
proposed by Sellwood and Balbus (1999); Kim et al. (2003), explains how galactic rota-
tion pumps energy to the gas motion and hence feeds turbulence. Piontek and Ostriker
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(2004) have considered a revised model where they assumed that the reduced dissipa-
tion enhances energy input to turbulence by magneto-rotational instability. Rotational
energy also generates spiral shocks where the fast-moving inter-spiral medium hits the
slower dense gas in the density wave arms (Roberts, 1969) making the ISM turbulent at
the outer edges of the disk.
These physical mechanisms though could explain the observed fluctuations or shapes
of the spectral lines at different length-scales, their interplay in generating wide scale
coherent structures is not very well understood.
1.1.3 Simulations
Simulation play an effective role in understanding various physical models, particularly
nonlinear processes such as turbulence. Observationally, only a static picture of ISM can
be probed since the dynamic time scales involved are large. Using numerical hydrody-
namic and magneto-hydrodynamic simulations it is possible to understand the effect of
different mechanisms that drives ISM turbulence. Here we briefly discuss the different
studies performed in this direction.
Bania and Lyon (1980) performed the first ever simulation of ISM turbulence. How-
ever, the lack of computational facilities limited them to a very small length-scale range.
Higher resolution studies of non-gravitating and non-magnetogenic compressible turbu-
lence was first performed by Porter et al. (1999, 2002). Their models were dominated
by filaments, sheets and clusters in the compressible part of the flow and can explain
the observed morphology of diffuse and small molecular clouds.
The first nonmagnetic simulations which included gravity were performed by Leorat et al.
(1990) on a 1283 grid, whereas Zhou (1993) did the first non-gravitating compressible
simulation to include magnetic field. These earlier works were expanded by considering
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different aspects of ISM like magnetic and gravitational fields, realistic heating and cool-
ing mechanisms, stellar energy injections and galactic rotation (Vazquez-Semadeni et al.,
1995, 1996). These simulations were meant to reproduce the ISM dynamics at the length-
scale range of ∼ 1 pc. In recent times higher resolution simulations (Kaneda et al., 2003)
observed a constant energy flux over a large length-scale range with significant departure
from Kolmogorov energy spectrum.
Despite the efforts simulation of ISM turbulence remained challenging due to the
huge range of length-scales involved and high Reynolds number. It is important to
include a wide range of length scales along with different models of energy inputs in
the simulations to understand the interplay and cascading of the energy driving the ISM
turbulence. Considering viscosity as the damping mechanism, Reynolds number (Re) for
the ISM is estimated as high as 105 to 107. The number of degrees of freedom for three
dimensional incompressible turbulence scales like Re9/4. Hence simulating turbulence
with Re ∼ 105 requires a dynamic range of 105 which is far beyond the reach of present
day computers.
1.2 Radio-interferometric observation as a probe of the
ISM turbulence
In the previous section we have discussed the observation of ISM using different atomic
and molecular lines which suggest turbulence. However, these elements, like dust, Ca+,
Na, CO etc., constitute a very small part of the interstellar matter both by mass and
volume. These also are not very evenly distributed over the galaxy’s disk. Almost 70%
of the gas in ISM is dominated by the atomic (H i) and ionized (H ii) hydrogen which
is spread all over the galaxy’s disk making it a better tracer of the ISM dynamics.
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21-cm radiation
The hyperfine structure transition radiation (21-cm radiation) of the neutral atomic
hydrogen in the ground state (H i) is an excellent probe of the column density fluctuations
in the ISM. This spectral line has a frequency of 1420 MHz, which falls in the radio band
of the electromagnetic spectrum. The associated transition probability being very small,
this line is considered as forbidden for laboratory experiments. However, at astrophysical
scales it is possible to observe this radiation using very sensitive radio telescopes. The
ISM has relatively small optical depth at these frequencies and the observed intensity
fluctuations in the sky I(θ, ν) directly probes the column density fluctuations NHI(θ, ν)
in ISM, i.e,
I(θ, ν) =
3
16pi
hν A21NHI(θ)φ(ν) (1.6)
Here, θ is a vector in the sky, ν is the observing frequency and A21 is the corresponding
Einstein coefficient. φ(ν) gives the shape of the H i spectral line.
Radio-interferometric observations
Most of our understanding regarding the ISM is based on the observations in our Galaxy,
the Milky Way. This is because the single dish radio telescopes lack the necessary
resolution to resolve the structures in the external galaxies. Radio-interferometers like
the VLA (Very Large Array∗), GMRT (Giant Meterwave Radio Telescope†), WSRT
(Westerbork Synthesis Radio Telescope‡) on the other hand provides higher resolution.
These are capable of probing ISM structures and dynamics at smaller length-scales in
our Galaxy and also provides means of observing turbulence at larger length-scales in
external galaxies. In this section we briefly discuss the different efforts made in probing
∗Very Large Array, NRAO, New Mexico
†Giant Meterwave Radio Telescope, NCRA, TIFR, India
‡Westerbork Synthesis Radio Telescope, Netherlands Foundation for Radio Astronomy
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turbulence using radio-interferometric observations.
Unlike conventional optical, infrared or ultraviolet telescopes, radio interferometers do
not measure the sky intensity, rather they measures the visibilities which are the Fourier
transform of the sky brightness fluctuations. These visibilities can then be used to
construct column density maps or the image of the observed field of view (Perley et al.,
1989). Using these column density maps the auto-correlation functions can be estimated.
However, these technique has limited utility due to the the presence of correlated noise
at the image-plane generated because of limited baseline coverages (see Appendix A).
Crovisier and Dickey (1983) measured the power spectrum of H i emission from our
galaxy squaring the directly observed visibilities (from radio-interferometric observations
using WSRT) and subtracting the noise bias estimated from the line-free channels. They
found that the power spectrum is roughly a power law with a slope of ∼ −3 up to the
largest of 10 pc they could probe. Using similar techniques, Green (1993) estimated
the power spectrum of the H i emission of our galaxy from observations with DRAO
(Dominion Radio Astrophysical Observatory§) synthesis radio telescopes. He found that
the power spectrum is a power law with slope −2.2 − 3.0 up to a length-scale of 15 pc.
Deshpande et al. (2000) used a high dynamic range estimator to measure the power
spectrum of the optical depth map created by observing H i in the Perseus spiral arm
of our Galaxy in absorption towards Cassiopeia A. They found that the power spectrum
can be well fitted by a power law with slope −2.75 for the length-scale ranges 0.10− 3.0
pc. Based on their observation they concluded that the ISM exhibits non-Kolmogorovian
turbulence at these length-scales.
Fourier transform power spectra of the Large and Small Magellanic Clouds (LMC,
SMC) are also found to obey power laws (Elmegreen et al., 2001; Burkhart et al., 2010)
for a length-scale range of 20−200 pc. Other techniques adopted by different authors to
§Dominion Radio Astrophysical Observatory : National Research Council, Canada
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probe the ISM turbulence include velocity channel analysis or velocity coordinate spec-
trum (Lazarian, 1995), fractal dimensional analysis (Stutzki et al., 1998) and spectral
correlation function (Rosolowsky et al., 1999) etc. These methods were limited either
by the correlated noise induced by incomplete baseline coverages of radio-interferometric
observations or by the noise bias in the power spectrum. They lack the necessary sensi-
tivity to probe the faint emissions from the nearby dwarf or external galaxies.
1.3 Motivations and objectives
ISM of the Milky way is studied at length-scales ranging from 107 m to ∼ 10 pc and is
found to have scale invariant power spectrum with slope −2.0 to −3.0 indicating tur-
bulence is operational. For the nearby galaxies (LMC, SMC), a similar power spectrum
is observed till a length-scale of ∼ 200 pc. The proposed driving mechanisms of these
observed turbulence in our galaxy includes galactic rotation and self gravity which oper-
ates at even larger length-scales compared to the galaxies disk. It is necessary to probe
the ISM of the external faint dwarf and nearby large spiral galaxies to investigate the
existence of turbulence at large length-scales.
Conventionally, star formation in galaxies was known to be governed by the interplay
of the gravity and magnetic pressure modulated by the ambipolar diffusion. However, re-
cent observations and numerical modelings suggest that supersonic turbulent flow rather
than the static magnetic field has larger role to play in this process (Li et al., 2003). Star
formation is now believed to be a two phase process (Va´zquez-Semadeni et al., 2003);
first the generation of the transient clumpy molecular cloud structures by turbulent frag-
mentation and then the collapse of the individual clumps to form the proto-stars. The
fragmentation governed by turbulence in the ISM leads to cloud structures which are
reflected in the fluctuations of the H i 21-cm intensity. Hence, these fragmentation can
12
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be traced estimating the power spectrum of the H i 21-cm intensity fluctuations. Dwarf
galaxies often have irregular morphologies and peculiar large scale kinematics. This also
makes them interesting to study the ISM turbulence beside investigating the galaxy for-
mation scenario. Observations of the nearby faint dwarf galaxies with sufficient spatial
resolution offers us a good opportunity to understand the early stages of the star as well
as the galaxy formation.
Observationally it is difficult to estimate the power spectrum of the external galaxies
because of the instrumental noise. A visibility based estimator was used by Hobson and Maisinger
(2002) to estimate the Cosmic Microwave Background Radiation (CMBR) angular power
spectrum. Bharadwaj and Ali (2005) have introduced a visibility based power spec-
trum estimator which can be used to probe the intensity fluctuations of H i 21-cm
line using radio-interferometric observations. A modified form of this estimator is used
by Begum et al. (2006a) to estimate the power spectrum of the nearby dwarf galaxy
DDO 210. The power spectrum was found to be power law with slope ∼ −2.8 for a
length-scale range till 500 pc suggesting the presence of turbulence in the ISM of the
dwarf galaxies.
Using a similar estimator from radio-interferometric observations of H i, it is possible
to probe the ISM in external dwarfs and spirals and investigate the existence and nature
of turbulence at kpc length-scales. The work presented in this thesis aims to use these
observations to estimate the power spectrum of H i column density fluctuations in a
large sample of galaxies. Earlier studies indicate that these fluctuations, which typically
have a scale-invariant power spectrum, are possibly the outcome of turbulence in the
ISM. The results of our study are expected to shed light on the nature of ISM turbulence.
The specific objectives of this thesis are highlighted below:
• Visibilities are the quantities directly measured in radio-interferometric observa-
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tions, and there are several advantages if these be used to directly estimate the
power spectrum. This is particularly important for the H i emission from faint
external galaxies where the signal is weak and buried in noise. It is thus necessary
to have a well quantified technique for visibility based power spectrum estimation.
• Simulations play an important role in assessing the efficacy and limitations of any
technique. It is very important to apply the power spectrum estimation technique
to simulated galaxies in order to asses the dynamical range and errors in the
estimate.
• Having established a technique, it is then appropriate to apply this to estimate
the power spectrum of the ISM of a large sample of dwarf and spiral galaxies.
• Finally, it is desirable to have some understanding of the measured power spectra
in terms of the underlying ISM turbulence and the processes driving it.
1.4 Outline of the thesis
An outline of the rest of the thesis is as follows.
Throughout our different investigations presented in this thesis we use archival radio-
interferometric data observed using the GMRT or the VLA. The directly observed quan-
tity in these observations is visibility, which is the Fourier transform of the sky intensity
fluctuations. In Chapter 2 we discuss a visibility based power spectrum estimator. The
application of such an estimator to the H i 21-cm observation of the ISM and the error
estimation are also discussed.
We present the power spectrum analysis of the nearly face-on spiral galaxies NGC 628
and NGC 1058 and a harassed galaxy NGC 4254 of the Virgo cluster in Chapter 3. In
Chapter 4 we perform numerical simulations to study the efficacy and limitations of the
14
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power spectrum estimator and access the dynamic range of length-scales for which it can
be used. We present the result of our power spectrum analysis of a sample of 7 nearby
external dwarf galaxies, and a sample of 18 external spiral galaxies from the THINGS¶
survey in Chapter 5 and 6 respectively. Finally, in Chapter 7, we summarize the
main results of the thesis and discuss about the future scopes.
¶THINGS : The HI Nearby Galaxy Survey, Walter et al. (2008)
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2 Visibility based power spectrum
estimator∗
2.1 Introduction
Turbulence generates scale-invariant structures in the ISM density field. These struc-
tures can be quantified through the power spectrum of H i 21-cm radiation. The power
spectrum is expected to be a power law for scale-invariant fluctuations. In this chapter we
discuss a visibility based estimator which can be used to probe the H i intensity fluctua-
tion power spectrum of external faint dwarf or spiral galaxies using radio-interferometric
observations. We also present the error estimation and limitations in this estimator.
2.2 Visibility-visibility correlation
The specific intensity of H i emission from a galaxy at the phase centre of the observation
can be modeled as
I(θ, ν) = Wν(θ)
[
I¯ν + δI(θ, ν)
]
, (2.1)
∗A part of the work presented in this chapter is originally published in the paper titled “A study of
interstellar medium of dwarf galaxies using H i power spectrum analysis” by Dutta et al. (2009a).
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were θ is the angle on the sky measured in radians from the center of the galaxy. We
assume that the galaxy subtends a small angle so that θ may be treated as a two
dimensional (2D) planar vector on the sky. The H i specific intensity is modeled as
the sum of a smooth component and a fluctuating component. Typically, I(θ, ν) is
maximum at the center and declines with increasing | θ |. We model this through a
window function Wν(θ) which is defined so that Wν(0) = 1 at the center and has values
1 ≥ Wν(θ) ≥ 0 elsewhere. This multiplied by I¯ν gives the smooth component of the
specific intensity. For a face-on galaxy, the window function Wν(θ) corresponds to the
galaxy’s radial profile.
In our analysis we consider two different models for the window function of a galaxy
of angular radius θ0. In the “top-hat” model it is assumed that the specific intensity has
a constant value within a circular disk of radius θ0, and it abruptly falls to 0 outside.
The window function, in this case, is a Heaviside step function
Wν(θ) = Θ(θ0 − θ) (2.2)
In the “exponential” model the window function has the form
Wν(θ) = exp
(
−
√
12θ
θ0
)
, (2.3)
where it falls exponentially away from the center. Note that for both the models we
have assumed the radial profile to be isotropic compared to the centre of the galaxy.
It is also possible to use Wν(θ) to define a normalized window function W
N
ν (θ) such
that
∫
dθWNν (θ) = 1. The second moment of θ defined as
∫
dθ | θ2 | WNν (θ) provides
a good estimate of the angular extent of the window function. Here we have used the
condition that this should have the same value θ20/2 for all models of the window function,
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Figure 2.1: W˜ (U) for top-hat and exponential window functions for θ0 = 1
′. The vertical
line marks θ−10 . Note that the FWHM (Full Width at Half Maxima) of the
two window functions are nearly the same and both window functions have
a very small value for U > θ−10 .
to determine the width of the exponential window function in terms of θ0. Throughout
we have assumed θ0 ≪ 1 radian.
We express the fluctuating component of the specific intensity as Wν(θ) δIν(θ). Here
δIν(θ) is a stochastic fluctuation which is assumed to be statistically homogeneous
and isotropic. The H i emission traces these fluctuations modulated by the window
function which quantifies the large-scale H i distribution. In this thesis we use radio-
interferometric observations to quantify the statistical properties of the fluctuations
δIν(θ). These fluctuations are believed to be the outcome of turbulence in the ISM.
The visibility V(U , ν) is the quantity that is directly observed in the radio-interferometric
observations†. It is the Fourier transform of the product of the antenna primary beam
pattern A(θ, ν) and the specific intensity distribution of the galaxy.
V(U , ν) =
∫
dθ e−i2piU ·θA(θ, ν) I(θ, ν). (2.4)
†We assume the 2D approximation of the visibility here. Interested readers are referred to the Ap-
pendix B.
19
2 Visibility Based Power Spectrum Estimator
Here U refers to a baseline, the antenna separation measured in units of the observing
wavelength λ. It is common practice to express U in units of kilo wavelength (kλ).
Throughout this paper we follow the usual radio-interferometric convention and express
U in units of kilo wavelengths (kλ).
The angular extent of the galaxies that we consider here is much smaller than the
primary beam, and it’s effect may be ignored. We then have
V(U , ν) = W˜ (U , ν)I¯(ν) + W˜ (U , ν)⊗ δ˜I(U , ν) +N (U , ν) (2.5)
where the tilde ˜ denotes the Fourier transform of the corresponding quantity and ⊗
denotes a convolution. In addition to the signal, each visibility also contains a system
noise contribution N (U , ν) which we have introduced in Eqn. (2.5). The noise in each
visibility is a Gaussian random variable and the noise in the visibilities at two different
baselines U and U
′
is uncorrelated. We will discuss the property of the noise term
N (U , ν) in detail in a following section.
The Fourier transform of the normalized window functions are
W˜ (U , ν) = 2
J1(2piθ0U)
2piθ0U
(2.6)
and
W˜ (U , ν) =
1
[1 + pi2θ20U
2/3]
3/2
(2.7)
for the top-hat and exponential models respectively. Here J1(x) is the Bessel function
of order 1. These functions, shown in Figure 2.1, have the property that they peak
around U = 0 and fall off rapidly for U ≫ θ−10 . This is a generic property of the window
function, not restricted to just these two models. At baselines U ≫ θ−10 we may safely
neglect the first term in Eqn. (2.5) whereby
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V(U , ν) = W˜ (U)⊗ δ˜I(U , ν) +N (U , ν) (2.8)
We use the power spectrum of H i intensity fluctuations PHI(U) defined as
〈δ˜I(U , ν)δ˜I∗(U ′, ν)〉 = δ2D(U −U ′)PHI(U, ν) (2.9)
to quantify the statistical properties of the intensity fluctuations. Here, δ2D(U −U ′) is a
two dimensional Dirac delta function. The angular brackets denote an ensemble average
over different realizations of the stochastic fluctuation. In reality, it is not possible to
evaluate this ensemble average because a galaxy presents us with only a single realiza-
tion. In practice we evaluate an angular average over different directions of U . This is
expected to provide an estimate of the ensemble average for a statistically isotropic fluc-
tuation. Note that, the power spectrum thus defined can in general be a function of the
observation frequency. However, for the observation of the ISM turbulence, the power
spectrum is expected to remain constant within the frequency range of observation. We
will explicitly check this assumption in a later chapter and will find deviation to it for
the ISM in a particular galaxy. However, for the time being for most of the galaxies,
it is safe to assume that the power spectrum is independent of ν. We will drop the ν
dependence henceforth.
The square of the visibilities can, in principle, be used to estimate PHI(U)
〈 V(U , ν)V∗(U , ν) 〉 =
∣∣∣W˜ (U , ν)∣∣∣2 ⊗ PHI(U) + 〈| N (U , ν) |2〉 (2.10)
and this has been used in several earlier studies (Crovisier and Dickey, 1983; Green,
1993; Lazarian, 1995). This technique has limited utility to observations where the H i
signal in each visibility exceeds the noise. This is because the noise variance in the
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Figure 2.2: This shows the convolution (Eqn. (2.11)) of a power law PHI(U) = U
−2.5
with the product of two exponential window functions (Eqn. (2.7)) with
θ0 = 1
′ ((piθ0)
−1 ≈ 1 kλ). The bold solid curve shows the original power law
and the thin solid curve shows P(U ,∆U) for ∆U = 0. The dashed curves
are for | ∆U |= 0.2, 1.0 and 3.0 kλ respectively from top to bottom. The
direction of ∆U is parallel to that of U . Note that P(U , 0.2) ≈ P(U , 0) and
the correlation between two different visibilities is small for | ∆U |> (piθ0)−1.
last term 〈| N (U , ν) |2〉 introduces a positive bias in estimating the power spectrum.
The noise bias can be of orders of magnitude larger than the power spectrum for the
faint external galaxies considered here. In principle, it may be separately estimated
using line-free channels and subtracted. In practice this is extremely difficult owing to
uncertainties in the bandpass response which restrict the noise statistics to be estimated
with the required accuracy. Attempts to subtract out the noise-bias have shown that
it is not possible to do this at the level of accuracy required to detect the H i power
spectrum (Begum, 2006).
The problem of noise bias can be avoided by correlating visibilities at two different
baselines for which the noise is expected to be uncorrelated. We define the power
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spectrum estimator as
P(U ,∆U) = 〈 V(U , ν)V∗(U +∆U , ν) 〉
=
∫
dU ′ W˜ (U −U ′, ν) W˜ ∗(U +∆U −U ′, ν) PHI(U ′). (2.11)
Since W˜ (U , ν) falls off rapidly for U ≫ θ−10 (Figure 2.1), the window functions
W˜ (U − U ′, ν) and W ∗(U + ∆U − U ′, ν) in Eqn. (2.11) have a substantial overlap
only if |∆U | < (piθ0)−1. Visibilities at two different baselines will be correlated only if
|∆U | < (piθ0)−1, and not beyond (Figure 2.2). In our analysis we restrict the difference
in baselines to |∆U | ≪ (piθ0)−1 so that W˜ (U + ∆U − U ′ , ν) ≈ W˜ (U − U ′) and the
estimator P(U ,∆U) no longer depends on ∆U (Figure 2.2). We then use the visibility
correlation estimator
P(U ) = 〈 V(U , ν)V∗(U +∆U , ν) 〉
=
∫
dU ′ | W˜ (U −U ′, ν) |2 PHI(U ′) . (2.12)
The measured visibility correlation P(U ) will, in general, be complex. The real part is
the power spectrum of H i intensity fluctuations convolved with the square of the window
function. A further simplification is possible at large baselines U ≫ θ−10 , provided
| W˜ (U, ν) |2 decays much faster than the variations in PHI(U). We then have
P(U) = C PHI(U) (2.13)
where C =
∫ | W˜ (U, ν) |2 dU is a constant.
We use the real part of the estimator P(U) to estimate the power spectrum PHI(U).
Our interpretation is restricted to the U range U ≫ (piθ0)−1 where the convolution in
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Figure 2.3: This shows how Um changes with α for an exponential window function with
θ0 = 1
′. Note that the discontinuities seen in the plot appear to be genuine
features and not numerical artifacts, though the cause of these features is
not clear at present. We find that a 4th order polynomial Um(α) = (a + b ∗
α+ c∗α2+d∗α3+ e∗α4)/θ0 provides a good fit to the above curve with the
parameter values as a = 35.6, b = 104.5, c = 112.5, d = 48.9, and e = 7.7.
We use this as a template for estimating Um in the real observations.
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Figure 2.4: Effect of window function modifies the power spectrum differently for differ-
ent power law exponents.
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Eqn. (2.12) does not affect the shape of the power spectrum and Eqn. (2.13) is a
valid approximation. Since for this case the estimator is independent of ∆U and hence
we write it as P(U). In order to estimate the U range where this approximation is
valid we have numerically evaluated Eqn. (2.11) assuming PHI(U) to be a power law
PHI(U) = AU
α. Figure 2.4 shows the results for both the top-hat and the exponential
models with θ0 = 1
′ (θ−10 = 3.4 kλ) and α = −1.5 and −2.5 which roughly spans the
range of slopes usually observed for different galaxies. Using Um to denote the value (in
kλ) where the deviation from the original power law is 10%, we find that for the top-hat
and exponential models respectively Um has values (3.1, 5.3) for α = −1.5 and (4.8, 13.0)
for α = −2.5. Note that Um depends on two parameters, namely α and θ0. Figure 2.3
shows how Um changes with α for the exponential model with θ0 = 1
′. For other values
of θ0 we scale the value of Um in Figure 2.3 using Um ∝ θ−10 . For a given power law
index, the estimator P(U) gives a direct estimate of the power spectrum for U ≥ Um.
2.3 Method of analysis
We use radio-interferometric spectroscopic multichannel data observed using GMRT or
VLA for power spectrum analysis. In this section we discuss the method of estimating
the power spectrum and its errors in practice.
2.3.1 Visibility correlation
The starting point of each analysis is the radio-interferometric spectroscopic multichan-
nel raw uv fits data. We reduced the raw data in the usual way using standard tasks in
classic AIPS‡. For each observations, bad visibility points were edited out, after which
the data was calibrated. The calibrated data is then inspected for H i emission and the
‡NRAO Astrophysical Image Processing System, a commonly used software for radio data processing.
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line-channels are identified. A continuum image is then made averaging all the line-free
channels. In the next step, this model continuum is subtracted from the visibility data
in the uv plane using the AIPS task UVSUB. The resulting continuum subtracted data
was used for the subsequent analysis. Such a typical spectroscopic data has n emis-
sion channels. To determine if the H i power spectrum changes with the width of the
frequency channel, we combine N successive channels to obtain a data set with n/N
channels. The power spectrum is evaluated in each of this combined channels and then
averaged over them for a particular U value. We use a range of N values for the power
spectrum analysis.
We measure P(U) by multiplying every visibility V (U , ν) with all other visibilities
V (U +∆U , ν) within a disk | ∆U |≤ UD and then average over different U directions.
We will discuss the considerations for choosing the value of UD shortly. Note that
correlation of a visibility with itself is excluded. To increase the signal to noise ratio we
further average the correlations in logarithmic bins of U and over all frequency channels
with H i emission. To choose a particular value of UD, we perform this analysis varying
| ∆U | from 1/piθ0 to lesser values. Note that, for larger values of UD, we find that the
imaginary part of the estimator PI becomes comparable to P, while for smaller values
of | ∆U |, the amplitude of PI decreases. For a particular observation we identify a
value of | ∆U |, for which the ratio P/PI > 10 and the amplitude of P is maximum.
We use this value as UD for the subsequent analysis.
The measured visibility correlation estimator P(U) [Eqn. (2.12)] is the convolution of
the actual H i power spectrum with a window function. We do not attempt to estimate
this window function to deconvolve the power spectrum. Our approach is to estimate a
baseline Um, such that for U ≥ Um the effect of the convolution can be ignored. P(U)
is proportional to the H i power spectrum [Eqn. (2.13)] at baselines U ≥ Um. We
estimate the H i power spectrum using only this range (U ≥ Um).
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Assuming an exponential window function [Eqn. (2.3)], the value of Um depends on
the parameters θ0 and α. Note that we do not attempt to actually fit an exponential
to the observed overall H i distribution and thereby determine θ0. The galaxies are
typically oriented randomly compared to the line of sight direction assuming different
inclination angles. This offers the window functions with elliptical shapes in the sky
plane, not circular disks as assumed in Section 2.2. For each of the individual galaxies
we generate column density maps. We determine the extent of the major axis and the
minor axis of the galaxy window function from these maps at a column density value of
1021 atoms cm−2. We use the smaller of the two angular extents as θ0 in our analysis.
As Um ∝ θ−10 , choosing the smaller value gives a conservative estimate of Um. We also
estimate P(U) combining the visibilities of the line-free channels. The upper limit Uu
where we have a reliable estimate of the H i power spectrum is determined by the
requirement that the real part of P(U) estimated from the line-channels should be more
than its imaginary part and also that estimated from the line-free channels.
2.3.2 Error estimation
The variance σP of the visibility correlation estimator P(U) is given by (see Ap-
pendix C, also Ali et al. (2008))
σ2P =
P(U)2
Ng
+
N22
2Nb
, (2.14)
where Ng is the number of independent estimates of P(U) in a given U -bin, Nb is
the total number of visibility pairs in the bin and N2 is the noise variance. The first
term in Eqn. (C13) is a contribution from the sample variance where the second term
incorporates the noise contribution. We evaluate N2 estimating the variance in the
visibility values. Since in a particular interferometric observation, the uv space can be
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sparsely sampled, we grid the uv plane. We chose the grid size such that each grid
have same area as a circle of radius UD. We determine the fraction of grids filled with
visibility values in each annular bin (fG). We use
2piUδU
piU2
D
fG as an estimate for Ng. Here,
δU is the width of a bin at U from origin in the uv plane. With these parameters the
variance in the visibility correlation estimator is given by
σP =
√
P(U)U2D
2UδU
fG +
N22
Nb
(2.15)
Note that the first term under the square-root sign in the above equation dominates for
smaller values of U , since there both U and δU are small. The second term, however,
dominates at large baselines where the uv plane is very sparsely sampled.
2.3.3 Fitting a power law to the power spectrum
We check if the estimated power spectrum follow a power law over a length-scale range
and evaluate the slope of this power law. The procedure that we adopt to determine
the best fit power law to the H i power spectrum is as follows. We first visually identify
a baseline Um beyond which (U ≥ Um) the visibility correlation estimator appears to
be a power law in U . The largest baseline Umax till which the estimator can be used is
limited by the requirement that the real part of P(U) estimated from the line-channels
is greater than its imaginary part as well as the real part of the P(U) estimated from the
line-free channels. We use the range Um ≤ U ≤ Umax to fit a power law P(U) = A Uα
through a χ2 minimization. The best fit α obtained by this fitting procedure is used
to get a revised estimate for Um [see Figure 2.3] and the power law fitting is repeated
with this new value of Um. We iterate this procedure a few times till it converges.
To test whether the impact of the window function is actually small, we convolve the
best fit power law with | W˜ (U, ν) |2 assuming an Exponential window. The convolved
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power spectra are visually inspected to asses the deviations from the power law. The
goodness of fit to the data was also estimated by calculating χ2 for the convolved power
spectrum. We accept the final fit only after ensuring that the effect of the convolution
can actually be ignored. We note the value of the best fit power law index α and the
range of U values (Umin−Umax) for the fit. We also determine the values Rmax = D/Umin
and Rmin = D/Umax, where D is the distance to the galaxy. These provide the range
of length-scales at the galaxy’s disk over which the power-law fit holds. We can then
conclusively state that over those length-scales in the galaxy the power spectrum assumes
power law and the ISM is turbulent.
2.4 Discussions and Conclusions
We discuss the major points of this chapter here and conclude.
• In this chapter we have presented a method of estimating the power spectrum of
H i intensity fluctuation from radio-interferometric observations using the visibility
correlation. The effect of noise bias is avoided correlating the visibilities at nearby
baselines. This method holds the key in measuring turbulence in the external
galaxies.
• We have discussed an operating formula for estimating the error bars in the visibil-
ity correlation estimator we presented. This estimates of the error incorporates the
effect of sample variance as well as the statistical errors and signifies the quality
of the power spectrum measurement.
• For a turbulent ISM, the power spectrum of the H i intensity fluctuation is ex-
pected to be a power law. We have discussed the procedure to obtain the best fit
power law slope α from the power spectrum estimates. However, since we do not
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exclusively evaluate the shape of the window function here, our method can not
be used to measure the intensity of these fluctuations.
Armed with this technique, in the following chapters we will use this estimator for
external dwarf and spiral galaxies and investigate the relation of turbulence with some
of their dynamical and morphological parameters. In a different investigation we have
also used the same estimator to evaluate the power spectrum of the supernovae remnant
and opacity fluctuation power spectrum of our galaxy. However, these works are not
relevant in the objective of the present thesis. Interested readers may look at Roy et al.
(2009) and Roy et al. (2010) for further information.
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3 Power Spectrum Analysis of
Three Spiral Galaxies∗
3.1 Introduction
Power spectrum analysis is extensively used for studying the ISM in our galaxy (Crovisier and Dickey,
1983; Green, 1993; Deshpande et al., 2000; Faison and Goss, 2001; Braun and Kanekar,
2005). Being observations from inside the Galaxy, these are restricted to length scales
of ∼ 10 AU to 10 pc, where a power law power spectrum with a slope of ∼ −2.8
is seen. This is believed to be the outcome of ISM turbulence. The power spectra
of LMC and SMC are also studied (Stanimirovic et al., 1999; Elmegreen et al., 2001;
Stanimirovic´ and Lazarian, 2001), where the ISM is probed at relatively larger length-
scales (∼ 200 pc). The power spectrum of the nearby dwarf galaxies are also found to
be power laws of similar slope as observed for our Galaxy.
Recently Begum et al. (2006a) have used the power spectrum estimator defined in
Chapter 2 to probe the ISM of the external dwarf galaxy DDO 210. The power
∗The works presented in this chapter are derived from the following three original publications:
(1) “H i power spectrum of the spiral galaxy NGC 628” by Dutta et al. (2008),
(2) “The scale-height of NGC 1058 measured from its H i power spectrum.” by Dutta et al. (2009b),
(3) “Turbulence in the harassed galaxy NGC 4254” by Dutta et al. (2010a).
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Galaxy Major Minor D iHI Reff
(′) (′) (M pc) (◦)
NGC 628 15.0 11.0 8.0 13 1
NGC 1058 13.0 11.0 10.0 11 2
NGC 4254 8.0 6.5 16.7 42 3
Table 3.1: Some relevant parameters of the 3 galaxies for which we do the power
spectrum analysis in this chapter. The refferences are as follows: 1-
Kamphuis and Briggs (1992), 2- Petric and Rupen (2007), 3- Phookun et al.
(1993),
spectrum is found to be a power law indicating the presence of turbulence. Further,
they found that the slope of the power spectrum is ∼ −2.7, which is similar to what
was observed for our Galaxy, LMC or SMC previously. Since DDO 210 is a relatively
nearby faint dwarf galaxy, they have managed to probe a length-scale of 80 to 500 pc,
which is also similar to what was probed for our Galaxy.
Observing nearby spiral galaxies using radio interferometers like GMRT or VLA, it
is possible to probe the ISM at larger length-scales. Such observations can directly
estimate the operating length-scale range of the ISM turbulence. In this chapter we
present the power spectrum analysis of 3 external spiral galaxies namely NGC 628,
NGC 1058 and NGC 4254 (Table 3.1). First two of these galaxies are nearly face on
spirals whereas the galaxy NGC 4254 resides in a cluster environment and is believed
to be a harassed galaxy. The objective of this chapter will be to investigate the ISM
intensity fluctuation power spectrum at larger length-scales than it is hitherto probed.
Moreover, the power spectrum of NGC 4254 can reveal the nature of ISM for the galaxies
residing and interacting in a cluster environment.
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3.2 Evidence of turbulence at large length-scales :
NGC 628
NGC 628 (M 74) is a nearly face-on SA(s)c spiral galaxy with an inclination angle in the
range 6◦ to 13◦ (Kamphuis and Briggs, 1992). It has a very large H i disk extending out
to more than 3 times the Holmberg diameter. Elmegreen et al. (2006) have found a scale-
free size and luminosity distribution of star forming regions in this galaxy, indicating
turbulence to be functional here. The distance to this galaxy is uncertain with previous
estimates ranging from 6.5Mpc to 10Mpc. Briggs et al. 1980 and Kamphuis and Briggs
1992 have used a Hubble flow distance of ∼ 10 Mpc. On the other hand, Sharina et al.
(1996) estimated a distance of 7.8± 0.9 Mpc from the brightest blue star in the galaxy.
This distance estimate matches with an independent photometric distance estimate by
Sohn and Davidge (1996). In a recent study Vinko´ et al. (2004) inferred the distance to
be 6.7 ± 4.5 Mpc by applying the expanding photosphere method to the hyper novae
SN 2002ap. Here we adopt the photometric distance of 8 Mpc for NGC 628. At this
distance 1′′ corresponds to 38.8 pc.
3.2.1 A brief description of the data used
We have used archival H i data of NGC 628 from the Very Large Array (VLA). The
observations had been carried out on August 1st and November 14th, 1993 respectively in
the C and D configurations of the VLA, as a part of the AAO163 observing program. We
performed the data analysis following the method described in Section 2.3. The multi-
configuration data were downloaded from the VLA archive and reduced in the usual
way using standard tasks in classic AIPS†. For each VLA configuration, bad visibility
†NRAO Astrophysical Image Processing System, a commonly used software for radio data processing.
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Figure 3.1: The 38′′ × 36′′ resolution integrated H i column density map of NGC 628
(contours) overlayed on the optical DSS image (grey scale). The contour
levels are 0.24, 1.96, 3.68, 5.41, 7.13, 8.85, 10.57 and 12.29 ×1020 cm−2.
points were edited out, after which the data were calibrated. The calibrated data for
both configurations was combined using the AIPS task DBCON. The H i emission from
NGC 628 spans 64 central channels (i.e, n = 64) of the 256 channel spectral cube (with
channel width 1.29 km s−1). A continuum image was made using the average of all the
line-free channels. The continuum from the galaxy was subtracted from the data in the
uv plane using the AIPS task UVSUB. The resulting continuum subtracted data was
used for the subsequent analysis. Figure 3.1 shows a total H i column density (Moment
0) map of NGC 628 from an image made from this data. The H i disc of the galaxy
is nearly face-on. The angular extent of the H i distribution in Figure 3.1 is roughly
11′ × 15′. Using deep VLA D array mosaic observations, Kamphuis and Briggs (1992)
had detected a ∼ 38′ × 31′ faint diffuse H i envelope around NGC 628. This extended
envelope is not detected in the current data set; the emission that we do detect is instead
restricted to the main H i disc of NGC 628. The results we discuss below are hence also
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[    ][    ]
Figure 3.2: A) Real and imaginary parts of the observed value of the H i power spectrum
estimator P(U) for N = 64 ie. all frequency channels with H i emission were
collapsed into a single channel. The real part is also shown using 64 line-free
channels collapsed into a single channel. B) Best fit power law to P(U). The
channel width is varied (N = 1, 32, 64; top to bottom), 1 σ error-bars are
shown only for N = 64.
relevant only to the gas in the main H i disc around NGC 628.
3.2.2 Results and discussion
Figure 3.2.1A shows the real and imaginary parts of the observed value of the estimator
P(U) for the 64 channels which have H i emission. As expected from the theoretical
considerations mentioned earlier, the imaginary part is well suppressed compared to the
real part. To test for a possible contribution from residual continuum, we also show the
real part of P(U) using 64 line-free channels. This is found to be much smaller than
the signal for the channels with H i emission. We find that a power law A Uα with
slope α = −1.6 ± 0.2 provides a good fit to the the observed P(U) over the U range
Umin = 1.0K λ to Umax = 10.0K λ (Figure 3.2.1B) which corresponds to spatial scales
of Rmin = 800pc to Rmax = 8 kpc.
Both H i density fluctuations as well as spatial fluctuations in the velocity of the
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N ∆v Umin Umax Rmin Rmax α
(km s−1) (k λ) (k λ) (k pc) (k pc)
1 1.3 1.0 10.0 0.8 8.0 −1.7± 0.2
32 42.3 1.0 10.0 0.8 8.0 −1.6± 0.2
64 82.5 1.0 10.0 0.8 8.0 −1.6± 0.2
Table 3.2: NGC 628 power spectrum are well fitted by a power law of PHI = AU
α.
This table summarises the result for different channel widths. Note that the
slope of the power spectrum does not changes with the width of the velocity
channel.
H i gas contribute to fluctuations in the H i specific intensity. Considering a turbu-
lent ISM, Lazarian and Pogosyan (2000) have shown that it is possible to disentangle
these two contributions by studying the behavior of the H i power spectrum as the
thickness of the frequency channel is varied. If the observed H i power spectrum is
due to the gas velocities, the slope of the power spectrum is predicted to change as
the frequency channel thickness is increased. We have tested this by determining the
H i power spectrum for different values of the channel width in the range 1.29 km s−1
to 82.6 km s−1 (Figure 3.2.1B) and did not find any change in the slope of the H i
power spectrum (Table 3.2). As the thickest channel that we have used is consid-
erably wider than the typical H i velocity dispersion of 7 − 10 kms−1 seen in spiral
galaxies (Shostak and van der Kruit, 1984), we conclude that the observed H i power
spectrum of NGC 628 is purely due to density fluctuations. Our finding is similar to
that of Begum et al. (2006a) who noticed no change of the slope with channel width
for the dwarf galaxy DDO 210. Further, Elmegreen et al. (2001) also reported a similar
behavior for LMC.
Earlier studies of the Milky-Way, and also of the dwarf galaxies LMC, SMC and
DDO 210 (Crovisier and Dickey, 1983; Green, 1993; Stanimirovic et al., 1999; Deshpande et al.,
2000; Elmegreen et al., 2001; Begum et al., 2006a) have all found a power law H i power
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spectrum with slope ∼ −3. On the contrary, we find a slope −1.6 ± 0.2 for NGC 628.
This is a little more than one in excess of the earlier values. However, when comparing
these values it should be noted that the earlier works have all measured the H i power
spectrum at much smaller length-scales in the range 10 to 500 pc [MW (1 pc - 20 pc),
SMC (4 pc - 30 pc), LMC (60 pc - 200 pc), DDO 210 (80 pc - 500 pc)] whereas the
current measurement probes much larger length-scales from 800 pc to 8.0 kpc. The typ-
ical H i scale-heights within the Milky-Way (Lockman et al., 1984; Wouterloot et al.,
1990) and external galaxies (e.g. Narayan and Jog 2002) are well within 1.5 kpc. This
implies that on the largest length-scales which we have probed, the turbulence is defi-
nitely confined to the plane of the galaxy’s disk and is therefore two dimensional (2D).
Elmegreen et al. (2001) have found that the HI power spectrum of LMC flattens at
large length-scales, which was interpreted as a transition from three dimensional to two
dimensional turbulence. Based on these we conclude that the slope is different in our
observation because it probes 2D turbulence, whereas the earlier observations were on
length-scales smaller than the scale-height where we can expect three dimensional (3D)
turbulence. To the best of our knowledge our results are the first observational determi-
nation of the HI power spectrum of an external spiral galaxy at such large length-scales
which are comparable to the radius of the galaxy’s disk.
Westpfahl et al. (1999) have performed a fractal analysis using the perimeter-area
dimension of intensity contours in HI images of several galaxies in the M 81 group.
Of particular interest is the galaxy M 81, a spiral galaxy for which the perimeter-area
dimension was found to be ∼ 1.5 at a length-scale ∼ 10 kpc. This observation is
consistent with a power law power spectrum of slope −1.6±0.2 provided the assumption
that the local dimension has the same value as the perimeter-area dimension is valid.
It is difficult to probe the H i scale-height of external face-on galaxies. Padoan et al.
(2001) presented a method to probe the scale-height from a change in the slope of the
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Spectral Correlation Function (SCF) [Rosolowsky et al. (1999)], and applied it to H i
data for the LMC to estimate the scale-height to be ∼ 180 pc. Elmegreen et al. (2001)
suggested that one could use a change in the slope of the power spectrum of the density
fluctuations to measure the scale-height of face on gas disks. Applying this method to H i
data for the LMC they measured scale-height of 100 pc. To the best of our knowledge,
prior to this work, there hava been no observational constraint on the H i scale-height
of NGC 628. Since the scale-height is definitely less than 8 kpc and the power spectrum
is found to have the same slope from 800 pc to 8 kpc, we conclude that the scale-height
must be less than 800 pc. Kregel et al. (2004) present H i images of a large sample of
edge on intermediate to late type spirals; from their data the ratio of the H i disk height
to the radius of the H i disk (at a column density of 1 M⊙pc−2) is ∼ 0.06±0.015. From
Fig. 3.1 the disk of NGC 628 has a diameter of ∼ 28 kpc at this column density. From
the average thickness to radius ratio for edge on galaxies, one would expect NGC 628
to have a scale-height of ∼ 840 pc, which is consistent with our observation.
3.3 Estimating scale-height of a face on galaxy :
NGC 1058
NGC 1058 is an almost face-on, type Sc, spiral galaxy with an inclination angle in
the range 4◦ to 11◦ (Petric and Rupen, 2007). The distance to this galaxy is un-
certain with previous estimates ranging from 10.0 Mpc (Boroson, 1981) to 14.5 Mpc
((Sandage and Tammann, 1974)). Throughout this paper we adopt a distance of 10
Mpc for NGC 1058. At this distance 1′′ corresponds to 48.5 pc.
In this section we present a measurement of the power spectrum of H i intensity
fluctuations of NGC 1058. The observed power spectrum shows a break with a steeper
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Figure 3.3: The 13.6′′×13.6′′ resolution integrated H i column density map of NGC 1058
(contours). The contour levels are 3., 10., 30., 50., 70., 100., 120., 130., and
140. ×1020 cm−2.
slope at length-scales smaller than the break. We use this to estimate the scale-height
of NGC 1058
3.3.1 A brief description of the data used
We have used archival H i data of NGC 1058 from the Very Large Array (VLA). The
observations had been carried out on 14th June 1993 in the C configurations of the
VLA. The data was downloaded from the VLA archive and reduced in the usual way
using standard tasks in classic AIPS‡. We adopted the data analysis procedure discussed
in Section 2.3 for reducing the raw data and for the power spectrum analysis. The
H i emission from NGC 1058 spans 24 central channels (i.e, channel 53 to channel
76) of the 127 channel spectral cube. We have used only the central 16 channels (i.e,
channel 57 to channel 72) with relatively higher H i emission. The frequency width of
‡NRAO Astrophysical Image Processing System, a commonly used software for radio data processing.
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Figure 3.4: Real (blue) and imaginary (green) parts of the observed value of the H i
power spectrum estimator P(U) for N = 16. 1 σ error-bars are shown only
for the real part. The real part of the P(U) from line-free channels (red) is
also shown.
each channel corresponds to 2.58 kms−1. Figure 3.3 shows a total H i column density
(Moment 0) map of NGC 1058 from an image made using the continuum subtracted
data. The angular extent of the H i distribution in Figure 3.3 is measured to be
11′ × 13′ at a column density of 1019 atoms cm−2, which is ∼ 4 times it’s Holmberg
diameter (Persic and Rephaeli, 2007).
3.3.2 Results and discussion
Figure 3.3.1 shows the real and imaginary parts of the observed value of the estimator
P(U) for the 64 channels which have H i emission. As expected, the imaginary part and
the real part of P(U) estimated using line-free channels is well suppressed compared to
the real part from the line channels indicating that for these channels the observed P(U)
may be directly interpreted as the H i power spectrum at U values that are considerably
larger than (piθ0)
−1 = 0.1 kλ.
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Umin Umax Rmin Rmax N ∆v α
(k λ) (k λ) (k pc) (k pc) (km s−1)
1 2.68 −2.5± 0.6
6.5 16.0 0.6 1.5 8 21.44 −2.2± 0.6
16 42.88 −2.2± 0.5
1 2.68 −1.0± 0.2
1.5 6.5 1.5 10.0 8 21.44 −0.9± 0.2
16 42.88 −0.8± 0.2
Table 3.3: NGC 1058 power spectrum are well fitted by two power laws of PHI = AU
α
in two different length scales. This table summerises the result for different
channel width.
The power spectrum is well fitted by two different power laws P (U) = AUα, one
with α = − 1.0 ± 0.2 for U = 1.0 kλ to 6.5 kλ (large length-scales) and another with
α = − 2.5±0.6 for U = 6.5 kλ to 16.0 kλ (small length-scales). The results are tabulated
in Table 3.3. We also find that the H i power spectrum of NGC 1058 does not exhibit
a statistically significant change with increase of the channel thickness (Table 3.3),
indicating that the observed power spectrum is due to H i density fluctuations.
The slope α = −1.0± 0.2 gives a good fit to the power spectrum measured at length-
scales 1.5 − 10.0 kpc. The length-scale 10 kpc is definitely larger than the typical H i
scale-heights within the Milky-Way (Lockman et al., 1984; Wouterloot et al., 1990) and
in external spiral galaxies (e.g. Narayan and Jog 2002). Considering the H i disk of
NGC 1058, it is reasonable to conclude that the slope α = −1.0 ± 0.2 is that of 2D
turbulence in the plane of the galaxy’s disk. On the other hand we have a slope of
α = − 2.5 ± 0.6 at the small length scales 600 pc to 1.5 kpc. We expect the scale-
height of the galaxy’s H i disk to be larger than 600 pc (Kregel et al., 2004). The slope
α = − 2.5±0.6 may thus be interpreted as being that of 3D turbulence on length-scales
smaller than the thickness of the disk. We interpret the wavelength of 1.5 kpc where
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we observe the transition from 3D to 2D turbulence in terms of the scale-height of the
galaxy’s H i disk.
To our knowledge this is the first observational determination of the scale-height of a
nearly face on spiral galaxy through its H i power spectrum. Further, the length scales
at which this break in the power spectrum is seen is measured to an accuracy of the
width of the bins in baseline (U) for calculating the power spectrum. Based on that
we can also put 1 σ errors to our estimate, whereby we have the scale-height 1.5 ± 0.3
kpc. Since the disk of NGC 1058 has a diameter of 35 kpc (Figure 3.3) at the column
density of 1 M⊙ pc
−2), following Kregel et al. (2004) we expect it’s scale-height to be
1.05 ± 0.26 kpc, consistent with our result. Note that, H i scale-height is known to
increase with the distance from the centre and our value is an average over the entire
disk.
It is interesting to note that a break in the power spectrum, like the one seen here for
NGC 1058, has also been observed in the shell-type supernovae remnant Cassiopeia A
(Roy et al., 2009). The slope of the power spectrum changes from −2.22 ± 0.03 at
1.6−10 kλ (large length-scales) to −3.23±0.09 at 11−30 kλ (short length-scales). This
change in the slope is interpreted as a transition from 2D to 3D magnetohydrodynamic
turbulence. The transition occurs at a length-scale of 50 pc which corresponds to the
thickness of the shell.
3.4 Power spectrum of the harassed galaxy NGC 4254
Galaxy harassment (frequent high speed galaxy encounters, Moore et al. 1996) is be-
lieved to be an important process in driving the morphological transformation of spiral
galaxies to ellipticals inside clusters. Typically, the first encounters convert a normal spi-
ral galaxy to a disturbed spiral with dramatic features drawn out from the dynamically
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Figure 3.5: The 6.5′′× 8.0′′ resolution integrated H i column density map of NGC 4254
(contours) is overlayed with the optical image of the galaxy (density). The
contour levels are 3., 5., 10., 20., 25., 35., 40. and 45. ×1020 atoms cm−2.
cold gas. The spiral galaxy NGC 4254, located in the nearby Virgo cluster, is found to
have a tail (Minchin et al., 2005) with neutral hydrogen (H i ) mass 2.2×108 M⊙ within
a distance of 120 kpc from the galaxy. This gaseous tail, without any stellar counterpart,
is believed to be produced by an act of galaxy harassment (Haynes et al., 2007). Each
act of harassment has the potential to induce a burst of star formation and to change
the internal properties of the galaxy, including the properties of the ISM. In this section,
we study the effect of the harassment on the large scale structure of the ISM. We use
the power spectrum of H i intensity fluctuations to quantify these structures.
NGC 4254 is a lopsided spiral galaxy (morphological type SA(s)c), with an inclination
of ∼ 42◦ (Phookun et al., 1993). The galaxy is located at a distance of 1 Mpc from the
core of Virgo cluster and is believed to be falling into the cluster with a relative velocity
of 1300 km s−1 (Vollmer et al., 2005). The distance to this galaxy is estimated to be
16.7 Mpc (Mei et al., 2007); at this distance 1′′ corresponds to 81 pc.
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3.4.1 A brief description of the data used
We have used archival H i data of NGC 4254 from the Very Large Array (VLA). The
observations had been carried out on 4th−5th of March, 1992 using the C configuration of
the VLA (Phookun et al., 1993). The data was downloaded from the VLA archive and
reduced in the usual way using standard tasks in classic AIPS§. As usual, we adopted
the data analysis procedure discussed in Section 2.3 for reducing the raw data and
power spectrum analysis. The H i emission from NGC 4254 spans over 30 central
channels i.e, (18 to 47) from 1401.7 MHz (2253 km s−1) to 1416.4 MHz (2562 km s−1)
of the 63 channel spectral cube. A frequency width of 48.8 k Hz for each channel in the
data cube corresponds to the velocity resolution of 10.32 km s−1. Figure 3.5 shows a
integrated H i column density (Moment 0) map of NGC 4254 made from the continuum
subtracted data. The angular extent of the H i distribution in Figure 3.5 is measured
to be 6.5′ × 8.0′ at a column density of 1019 atoms cm−2, which is comparable to it’s
optical diameter (de Vaucouleurs et al., 1991).
3.4.2 Results and discussion
Figure 3.4.1 shows the real and imaginary parts of the observed value of the estimator
P(U) evaluated using 16 channels from 27 to 42 with relatively H i emission. The
imaginary part is well suppressed compared to the real part. We also estimate P(U)
using the line-free channels to test for any contribution from the residual continuum.
This is found to be much smaller than the signal (Figure 3.4.1) indicating that the
continuum has been adequately subtracted out.
The power law A Uα, with α = − 1.7±0.2 is found to give a good fit to the H i power
spectrum for the U range 2.0 kλ to 10.0 kλ (Table 3.4). Corresponding largest length-
§NRAO Astrophysical Image Processing System, a commonly used software for radio data processing.
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Figure 3.6: Real and imaginary parts of the observed value of the H i power spectrum
estimator for channels 27-42 with N = 16. 1 σ error-bars are shown only for
the real part. The real part of the estimator from line-free channels is also
shown.
scale (8.4 kpc) is definitely larger than the typical H i scale-heights of the galaxies. It
is thus quite reasonable to conclude that the slope α = −1.7 ± 0.2 is of 2D turbulence
in the plane of the galaxy’s disk. The fact that we do not observe the transition to 3D
turbulence allows us to place an upper limit on the galaxy’s scale-height as 2.6 kpc.
Galaxy harassment is expected to have different effects on the inner and outer parts
of the galaxy. While gas is stripped from the outer parts, the inner part looses angular
momentum and gradually collapses to the center through repeated galaxy encounters.
Data Channels Umin Umax α
(k λ) (k λ)
16 central 27− 42 2.5 10.0 −1.7± 0.2
channels
A 23− 30 2.0 10.0 −2.0± 0.3
B 31− 38 2.5 10.0 −1.5± 0.2
C 39− 46 2.0 10.0 −2.0± 0.3
Table 3.4: Results of the power spectrum analysis of NGC 4254 for different data cubes
spanning over different velocity ranges.
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Figure 3.7: Integrated H i column density maps of the galaxy NGC 4254 using data
cubes A, B and C. Note the diagonal movement of the centroid of emission
from North east (A) to South west (C). The contour levels are 5., 8. and 12.
×1020 atoms cm−2.
[k   ]λ
Figure 3.8: H i power spectrum for data cubes A, B and C plotted with arbitrary offsets
to prevent them from overlapping.
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Figure 3.9: Integrated H i column density maps of the galaxy NGC 628 using data cubes
D, E and F. Note the diagonal movement of the centroid of emission from
North east (D) to South west (F). The contour levels are 6., 12. and 18.
×1020 atoms cm−2.
[k   ]λ
Figure 3.10: Power spectra of the H i emission for the galaxy NGC 628 is shown for
D (channels 108-119), E (channels 120-131) and F (channels 132-143) with
arbitrary offsets to prevent them from overlapping.
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We can selectively study different parts of NGC 4254, whose rotation axis is tilted at 42◦
to the line of sight, by considering different velocity channels. Our analysis till now has
used only the central 16 channels, we now use the central 24 channels (23− 46) for the
subsequent analysis. We construct 3 different data cubes namely A, B and C containing
channels 23 − 30, 31 − 38 and 39 − 46 respectively. We can now separately probe the
North east, Central and South west parts of the galaxy (Figure 3.7) using these three
data cubes. For each data cube, we evaluate the H i power spectrum using individual
channels and then average over the channels in the respective cubes. We estimate Um
separately for A, B and C and the best fit power law is obtained for U ≥ Um only.
We find that for each data cube the H i power spectrum is well fitted by a power
law (Figure 3.8), the details being shown in Table 3.4. We find that the slope α is
−2.0 ± 0.3 for A and C which probe the outer parts of the disk while it is −1.5 ± 0.2
in B which probes the central region. To verify if this change in slope is generic to all
galaxies, we also consider the H i power spectrum of the spiral galaxies NGC 628 and
NGC 1058 which are not undergoing galaxy harassment. Figure 3.9 shows the regions
of the spiral galaxy NGC 628 corresponding to each of the channel range 108-119 (D),
120-131 (E) and 132-143 (F). We find that the power spectra of these three data cubes
(Figure 3.10) all have the same slope ∼ −1.6, which is also similar to the slope of
the central part of NGC 4254. The results are similar for NGC 1058 and hence we do
not explicitly show these here. Based on this we conclude that the difference in slope
between the inner and outer parts of NGC 4254 is not a generic feature of the spiral
galaxies rather is a consequence of the galaxy harassment. This suggests that not only
does galaxy harassment affect the global morphology of the galaxy, it also affects the
fine scale structure in the ISM as reflected by H i power spectrum.
We note that NGC 4254 has an inclination of 42◦, on the other hand NGC 628 and
NGC 1058 are more face-on galaxies (inclination ∼ 10◦). In our analysis we selectively
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study different parts of a galaxy by considering different velocity channel ranges. How-
ever, since face-on galaxies do not have much range in radial velocity from the rotation
curve, the spatial extent of H i in NGC 628 and NGC 1058 will not be very different for
the three velocity channel ranges, which is unlike the case for NGC 4254. Hence, it is
likely that we failed to find a change of slope in NGC 628 and NGC 1058 because of this
effect of inclination. However, as seen in Figure 3.9 for NGC 628, all three data cubes
D, E and F have a significant contribution of H i from the outer region of NGC 628,
leading us to believe that the power spectrum has a slope of ∼ 1.6 in the outer parts of
NGC 628. This is similar to the value of slope seen in the central parts of NGC 4254 and
significantly different from the slope in the outer parts of NGC 4254. Hence it indicates
an impact of harassment in NGC 4254. Further analysis of spiral galaxies with large
inclination angles would possibly be able to resolve this issue.
We currently do not have an understanding of how galaxy harassment caused a steep-
ening of the H i power spectrum in the outer parts of the galaxy. Theoretical modeling
and the analysis of other Virgo cluster spiral galaxies are needed for further progress in
this direction.
3.5 Summary and conclusions
We have presented the result of power spectrum analysis of the external spiral galaxies
NGC 628, NGC 1058 and NGC 4254 in this chapter. Here we summarize the main
points of this analysis.
• For all the three galaxis we have studied here, the power spectrum is well fitted
by a power law indicating the presence of turbulence in the ISM. The slope of the
power law is found to be ∼ −1.7 for NGC 628 and NGC 4254 and ∼ −1.1 for
NGC 1058 at large length scales. We have interpreted this as a result of the 2D
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turbulence in the scale of the galaxy’s disk.
• Our present observation also suggests that the spiral galaxies exhibit scale-invariant
density fluctuations that extend to length-scales of ∼ 10 kpc which is comparable
to the diameter of the H i disk. While a large variety of possible energy sources
like proto-stellar winds, supernovae, shocks, etc. have been proposed to drive
turbulence seen at the smaller scales (Elmegreen and Scalo, 2004), it is still to be
seen whether these are effective on length-scales as large as 10 kpc.
• We have successfully estimated the scale-height of the galaxy NGC 1058. This,
to the best of our knowledge, is the first determination of the scale-height of any
external face-on spiral galaxy. However, for the two other galaxies we could not
detect any change in slope of the power spectrum and hence could only put limits
to their scale-height.
• For all three galaxies in our sample we could not detect any change in the slope
of the power spectrum with increasing thickness of the velocity channels. This
definitely shows that for these galaxies velocity does not noticeably modify the
power spectrum. The result presented in Lazarian and Pogosyan (2000) shows a
possible modification of the power spectrum of the ISM intensity fluctuation of
our Galaxy.
• We observe that the outer part of the galaxy NGC 4254 has a different power
law slope compared to the inner part. This difference, we propose, is because of
galaxy harassment. We do not find any such difference in slope for the other two
galaxies presented in this chapter. However, since this is a single observation of a
harassed galaxy, it is not possible to conclusively report this as a generic feature
of galaxy harassment. A systematic study of the other harassed galaxies in the
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nearby Coma or Virgo cluster may provide us more interesting information about
the ISM turbulence in such environments.
Since it is now evident that the external spiral galaxies also have turbulent ISM, we
may now proceed in estimating the power spectrum of a spiral galaxy sample. This
will help us understand the nature of turbulence, its origin and the energy input to it.
In Chapter 6 we will consider such a sample and investigate how the turbulence is
correlated with other dynamical and morphological properties of the spiral galaxies.
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4 Simulating Galaxy Observations∗
We have presented a visibility based power spectrum estimator in Chapter 2 which we
have used to perform power spectrum analysis of three external spiral galaxies and the
results are presented in Chapter 3. The observed bi-modality in the value of the best
fit power law slope α of these spiral galaxies with the same from Milkyway or nearby
galaxies have been explained in terms of 3D and 2D turbulence at small and large scales
respectively. The power spectrum of the galaxy NGC 1058 is found to be a broken power
law showing a transition from 3D to 2D turbulence. The break was seen at a wavelength
of 1.5 kpc which we interpreted as the scale-height of the galaxy. However, the actual
length-scales associated with the scale-height could not be definitively estimated.
In this chapter we perform numerical simulations to asses the impact of the overall
galaxy structure on our estimates of the power spectrum of H i intensity fluctuations.
We are particularly interested in the effect of galaxy’s radial and transverse profile,
inclination angle and the large scale density field in the power spectrum estimator we
have been using.
∗The work presented in this chapter is originally published in the paper titled “A study of interstellar
medium of dwarf galaxies using H i power spectrum analysis” by Dutta et al. (2009a).
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4.1 Simulation
The starting point of our simulation is a three dimensional (3D) 5123 mesh, labeled using
coordinates r, on which we generate a statistically homogeneous and isotropic Gaussian
random field hˆ(r) with power spectrum P (k) = Ckγ . We have used γ = −2.5 throughout
our simulations, the results can be easily generalized to other γ values. The 3D power
spectrum is shown in Figure 4.1. For reference we also show the two dimensional
(2D) power spectrum of hˆ(r) evaluated on a 5122 planar section of the cubic mesh. As
expected, the 2D power spectrum also is a power law with P (k) ∝ kγ+1. In all cases we
have generated five independent realizations of the Gaussian random field, and averaged
the power spectrum over these to reduce the statistical uncertainties.
In our simulations we use the Gaussian random field hˆ(r) as a model for the 3D H i
density fluctuations that would arise from homogeneous and isotropic 3D turbulence.
The hˆ(r) values on a 2D section through the cube serves as a model for the H i density
fluctuations in the limiting situation where we ignore the thickness of the galaxy and
treat it as a 2D disk. Note that the resulting hˆ(r) is a statistically homogeneous and
isotropic Gaussian random field on the 2D section. We use this to represent the density
fluctuations that would arise from homogeneous and isotropic 2D turbulence.
We next embed a galaxy in the middle of the 3D cube. The overall, large scale 3D
structure of the galaxy is introduced through a function G(r) so that the H i density at
any position is G(r)[h0 + hˆ(r)]. Here G(r)h0 is the smoothly varying component of the
galaxy’s H i density and G(r)hˆ(r) is its fluctuating component. It is assumed that the
observer’s line of sight is along the z axis. The H i density G(r)[h0 + hˆ(r)] is projected
on the x−y plane. We interpret the projected values as the H i specific intensity I(θ, ν)
in the plane of the sky [Eqn. (2.1)]. The 5122 mesh in the x−y plane of our simulation
corresponds to 4′ × 4′ on the sky.
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To understand the effect of different parameters such as the shape of the window
function, the inclination angle etc. on the power spectrum estimation we consider two
models for the galaxy’s H i density.
4.1.1 Case I : Without a radial profile
We first consider a face-on galaxy, and use G(r) = exp(−z2/z2h). This incorporates only
the finite thickness of the disk which is characterized by the scale-height zh and ignores
the galaxy’s radial profile in the plane of the disk. Note that, for z < zh this function
closely matches the function sech(−z2/z2h) which is also used to model the scale-height
profile (Binney and Merrifield, 1998). For the scale-height, we have used the values
zh = 4 and 32 mesh units which we refer to as the “thin’ and “thick” disk respectively.
Results
Figure 4.1 shows the power spectrum of the simulated H i specific intensity I(θ, ν)
for both the thin and thick disk. We find that the H i power spectrum of the thin
disk has a slope −2.5, same as the 3D power spectrum, at large U . There is a break
at U ∼ 35 kλ which corresponds to 1/pizh, and the slope is ∼ −1.9 at smaller U . We
interpret this change in the slope in terms of a transition from 3D fluctuations on scales
smaller than the disk thickness (large U) to 2D fluctuations on scales larger than disk
thickness (small U). We expect the slope to approach −1.5, the 2D slope, at very small
U . Note that in our simulation it is not possible to evaluate the slope at very small U
values where the sample variance is rather large. We find that the H i power spectrum
of the thick disk is well fit by a single power law PHI(U) = AU
−2.5 which has the 3D
slope. In this case we expect the break corresponding to the transition from 3D to 2D
at U ∼ 4kλ. This break lies in the sample variance dominated region which explains
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Figure 4.1: The 3D and 2D power spectrum P (k). The simulated H i power spectrum
PHI|(U) for the thin (A) and thick (B) disk without the radial profile are also
shown. The P (k) and k values (left and bottom axes) have been arbitrarily
scaled to match the PHI(U) and U axes (top and right). The power-law
fits are shown by solid lines. The different curves have been plotted with
arbitrary offsets to make them distinguishable.
why we do not detect it.
4.1.2 Case II : With a radial profile
We next incorporate the galaxy’s radial profile using
G(r) = exp
[
−
√
12θ
θ0
]
exp(−z2/z2h), (4.1)
where θ =
√
x2 + y2 is the radial coordinate in the plane of the disk. Here θ coincides
with the angle in the sky measured from the center of the galaxy. We have used θ0 = 1
′
which corresponds to 128 mesh units . Note that the radial profile used in the simulation
is exactly the same as the window functionW (θ) of the exponential model introduced in
Chapter 2. The relative amplitude of h0 and hˆ(r) is a free parameter which decides the
respective contributions from the smooth and the fluctuating H i components. Using
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Figure 4.2: The simulated H i power spectrum for the face-on thick disk with (B) no
radial profile and (C), (D) with radial profile using θ = 0.35, 0.7 respectively.
(E) is same as (C) with the disk tilted at 60◦. The different curves have been
plotted with arbitrary offsets to make them distinguishable.
the ratio R =
√
〈hˆ2〉/h0 of the root mean square value of hˆ(r) to h0 to quantify this, we
have carried out simulations for R = 0.35 and 0.7. We have also carried out simulations
where the disk is tilted, and the normal to the disk make an angle of 60◦ to the line of
sight.
Results
The simulated H i power spectra are shown in Figures 4.2 and 4.3 for the thick and
thin disks respectively. We find that for a face-on disk with θ0 = 1
′, for both the thick
and thin disks, the results of our simulations are in good agreement with our analytic
estimate presented in the Section 2.2, which predicts that the effect of the galaxy’s
radial profile is contained within a limited baseline range U ≤ Um, which comes out to be
U ≤ Um ∼ 3.5 θ−10 , for α = −2.5 (Figure 2.3). The H i power spectrum is insensitive
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Figure 4.3: The simulated H i power spectrum for the face-on thin disk with (A) no
radial profile and (F), (G) with radial profile using θ = 0.35, 0.7 respectively.
(H) is same as (F) with the disk tilted at 60◦. The different curves have been
plotted with arbitrary offsets to make them distinguishable.
to the galaxy’s radial profile at U > Um, and the shape of the power spectrum is the
same whether we include the galaxy’s radial profile or not. We find that the value of
Um is not very sensitive to changes in R, the ratio of the fluctuating component to the
smooth component. For a disk of the same size, the value of Um increases when the disk
is tilted. The image of the disk tilted by 60◦ has an anisotropic window function W (θ)
with angular radius 1′ and 0.5′ along the major and minor axes respectively. We find
that for a tilted disk, the value of Um is determined by the smaller of the two angular
diameters, 0.5′ in this case.
4.2 Scale-height estimation
In Chapter 3 we have observed a break in the power spectrum of the galaxy NGC 1058
at a baseline of 6.5 k λ (or at a wavelength of 1.5 kpc) and interpreted it as arising
due to a transition from 3D to 2D turbulence. The results of our simulation suggests
that a break in the power spectrum at a baseline U corresponds to an angular scale of
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zh = 1/piU and a length-scale of D/piU at the plane of the sky (D is the distance to the
galaxy). Following this for an adopted distance of 10 Mpc to the galaxy NGC 1058, its
scale-height is 490± 90 pc. We have also observed that the galaxy NGC 628 exhibit 2D
turbulence up to a baseline of 1.0 k λ with a single power law of slope ∼ −1.6. This
imposes an upper limit of 320 pc on its scale-height. Note that the scale-height of 320 pc
for NGC 628 differs from what is presented in Dutta et al. (2008) because of the extra
factor of pi indicated by our simulations. We do not attempt to set a bound for the
scale-height of the galaxy NGC 4254 here, since it has a considerably large inclination
angle. Finally, we note that we have not considered the fact that the scale-height varies
with the distance from the centre of the galaxy’s disk. Hence our estimate gives an
average value of the disk scale-height.
4.3 Summary and conclusions
We discuss the main findings of this chapter here.
• We find that if the H i distribution is a thin disk, the power spectrum is well fitted
using a broken power law with the change in scope at a length-scale corresponding
to the line of sight thickness of the disk. We interpret this as a geometrical effect
arising because of a transition from 3D to 2D fluctuation. Since the spiral galaxies
have disk like geometry, a break in the power spectrum at a U value greater than
Um is indicative of a transition from 3D to 2D at the length-scale corresponding
to the scale-height zh = D/piU .
• Our simulations demonstrate that for baselines U > Um the galaxy’s radial profile
has no effect on the power spectrum of H i fluctuations. In other words, the power
spectrum would be unchanged if the same fluctuations were present in an uniform
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disk with no radial profile.
• We find that the inclination angle of the Galaxy further restricts the usable range
of baselines for the power spectrum estimation. Our simulation shows that the
semi-minor axis of the projected image of the galaxy has to be used to determine
the Um value over which the power spectrum can be estimated.
Finally, we note that we have ignored velocity fluctuations and the galaxy’s rotation
throughout our simulations. This would rearrange the H i emission amongst the different
frequency channels. Our simulation corresponds to the situation where there is just
a single frequency channel whose width encompasses the entire HI emission, and the
velocities have no effect in this situation.
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5 Power Spectrum as a Probe of
Dwarf Galaxy Properties∗
5.1 Introduction
This chapter presents the results of our analysis of a sample of 7 nearby gas rich faint
(MB > −13.0 mag) dwarfs. The corresponding H i radio-interferometric data used here
is from GMRT. The observation parameters and other details are given in the Table 5.1.
Note that the galaxy GR 8 is known to have peculiar kinematics (Begum and Chengalur,
2003) whereas the spiral dwarf galaxy NGC 3741 has an extended H i disk (Begum et al.,
2005). These were included in our sample to see the effect of the peculiar dynamics and
morphology of the ISM in the power spectrum.
5.2 Notes on the individual galaxies
We briefly discuss some of the relevant properties of the galaxies in our sample. A few
of the galaxy parameters are also summarized in Table 5.2 which contains - Column
∗The work presented in this chapter is originally published in the paper titled “A study of interstellar
medium of dwarf galaxies using H i power spectrum analysis” by Dutta et al. (2009a).
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Galaxy α(J2000) δ(J2000) Date of Time on References
(h m s) (◦ ′ ′′) observation source
DD0 210 20 46 53.00 −12 50 57 13-15 July 02 16 hrs 2,5
NGC 3741 11 36 06.40 +45 17 07 22 Jul & 26 Aug 04 8 hrs 3,5
UGC 4459 08 34 06.50 +66 10 45 15,23,24 Nov 02 14 hrs 4,5
GR 8 12 58 40.40 +14 13 03 16-18 Nov 02 16 hrs 1,5
AND IV 00 42 32.30 +40 34 19 1 Jan, 07 6
KK 230 14 07 10.70 +35 03 37 May 8, 6 Jun, 26 Nov 01 18 hrs 4,5
KDG 52 08 32 56.00 +71 01 46 21-23, 27 Jun 02 18 hrs 4,5
Table 5.1: Some observation parameters of the galaxies in our sample. References are as
follows: 1- Begum and Chengalur (2003), 2- Begum and Chengalur (2004),
3- Begum et al. (2005), 4- Begum et al. (2006b), 5- Begum et al. (2008a), 6-
Chengalur et al. 2009 (in preparation)
(1): Name of the galaxy; (2) and (3): major and minor axis in arc min calculated at a
column density of 1019 atoms cm−2; (4): distance in Mpc; (5): H i inclination angle;
(6): Log[SFR] in M⊙yr
−1 measured from Hα emission; (7): H i velocity dispersion in
km s−1; (8): total dynamical mass in 108M⊙; (9): references.
DDO 210
DDO 210 is the faintest (MB ∼ −10.9) relatively close (at a distance 950 ± 50 kpc;
Lee et al. 1999) gas-rich member of the Local Group. The H i disc of the galaxy is
nearly face-on. On large scales, the H i distribution is not axisymmetric; the integrated
H i column density contours are elongated towards the east and south. No Hα emission
was detected indicating a lack of on-going star formation in this galaxy.
NGC 3741
NGC 3741 is a nearby dwarf irregular galaxy (MB ∼ −13.13) with a gas disk that
extends to ∼ 8.8 times the Holmberg radius (Begum et al. 2005, 2008b). The galaxy is
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Galaxy Major Minor D iHI log(SFR) σv Mdy Ref.
(′) (′) (M pc) (◦) (M⊙ yr
−1) (km s−1) (108 M⊙)
DD0 210 5.0 4.5 1.0 26.0 > −5.4 6.5(1.0) 0.34 2,5
NGC 3741 27.0 12.0 3.0 68.0 −2.47 ∼ 8.0 40.3 3,5
UGC 4459 4.5 3.6 2.1 30.0 −2.04 9.0(1.6) 1.40 4,5
GR 8 4.2 4.0 2.1 27.0 −2.46 9.0(0.8) 0.78 1,5
AND IV 15.0 8.5 6.7 55.0 −3.0 ∼ 8.0 32.5 5,6
KK 230 3.0 2.0 1.9 50.0 > −5.53 7.5(0.5) - 4,5
KDG 52 3.5 3.0 3.55 23.0 > −5.1 9.0(1.0) - 4,5
Table 5.2: Some relevant morphological and dynamical parameters of the galaxies in
our sample. The references are as follows: 1- Begum and Chengalur (2003),
2- Begum and Chengalur (2004), 3- Begum et al. (2005), 4- Begum et al.
(2006b), 5- Begum et al. (2008a), 6- Chengalur et al. 2009 (in preparation)
fairly edge-on with kinematics inclination varying from ∼ 58◦− 70◦. NGC 3741 appears
to have a H i bar and is dark matter dominated with a dark to luminous mass ratio
of ∼ 149. Further, this galaxy is undergoing significant star formation in the center.
An interplay between the neutral ISM and star formation in this galaxy is studied in
detail by Begum et al. (2008b). The rotation curve flattens beyond 300′′ to a value
∼ 50 km s−1 (Gentile et al., 2007). They find that the ISM in this galaxy shows radial
motion of ∼ 5 − 13 km s−1. Karachentsev et al. (2004) have estimated the distance to
this galaxy as 3.0± 0.3 Mpc using the tip of the red giant branch (TRGB) method.
UGC 4459
The faint dwarf (MB ∼ −13.37) galaxy UGC 4459 is a member of the M 81 group of
galaxies. It is fairly isolated from its nearest neighbor UGC 4483 at a projected distance
of 3.6◦ (∼ 223 kpc) and a velocity difference 135 km s−1. UGC 4459 is a relatively
metal poor galaxy, with 12 + log(O/H) ∼ 7.62 (Kunth and O¨stlin, 2000). The optical
appearance of this galaxy is dominated by bright blue clumps, which emits copious
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amount of Hα, indicating high star formation. The velocity field of UGC 4459 shows a
large scale gradient across the galaxy with an average of ∼ 4.5 km s−1 kpc−1, though
this gradient is not consistent with that expected from a systematic rotating disk. This
galaxy has a TRGB distance of 3.56 Mpc (Karachentsev et al., 2004).
GR 8
This is a faint (MB ∼ −12.1) dwarf irregular galaxy with very unusual H i kinematics
(Begum and Chengalur, 2003). The H i distribution in the galaxy is very clumpy, and
shows substantial diffuse, extended gas. The high density H i clumps in the galaxy are
associated with optical knots. In optical, it has a patchy appearance with the emission
dominated by bright blue knots which are sites of active star formation (Hodge, 1967).
Both radial and circular motions are present in this galaxy. It also possesses a faint
extended emission in Hα. The distance to this galaxy is estimated to be 2.10 Mpc
(Karachentsev et al., 2004).
AND IV
This is a dwarf irregular galaxy with a moderate surface brightness (µ¯V ∼ 24) and a
very blue color (V − I ≤ 0.6) (Ferguson et al., 2000). It is at a projected distance of 40′
from the center of M 31 (Merrett et al., 2006) and has a very low ongoing star formation
rate (SFR) of ∼ 0.001M⊙yr−1. Its H i disk extends to ∼ 6 times the Holmberg diameter
and also shows large scale, purely gaseous spiral arms [Chengalur et al. 2008 (in prepa-
ration)]. The distance to this galaxy is estimated to be 6.7 ± 1.5 Mpc (Ferguson et al.,
2000).
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KK 230
KK 230, the faintest(MB ∼ −9.55) dwarf irregular galaxy in our sample, lies at the
periphery of the Canes Venatici I cloud of galaxies (Karachentsev et al., 2004). The
velocity field shows a gradient in the direction roughly perpendicular to the H i and
optical major axis with a magnitude of ∼ 6 km s−1 kpc−1 (Begum et al., 2006b). There
is no measurable ongoing star formation in this galaxy as inferred from the absence of
any detectable Hα emission. Karachentsev et al. (2004) has found a tidal index of −1.0
indicating the galaxy to be fairly isolated. They have estimated the TRGB distance to
be 1.9 Mpc.
KDG 52
KDG 52 (also called M 81DwA), another member of the M81 group, is a faint dwarf
galaxy (MB ∼ −11.49) with a clumpy H i distribution in a broken ring surrounding the
optical emission (Begum et al., 2006b). The H i hole is not exactly centered around the
optical emission. This galaxy does not have any detectable ongoing star formation. The
distance to this galaxy is estimated to be 3.55 Mpc (Karachentsev et al., 2004) derived
from the TRGB method.
5.3 Results and discussions
We adopt the data analysis procedure discussed in Section 2.3. All the data are reduced
in the usual way using standard tasks in classic AIPS †. For each galaxy, after calibration,
the frequency channels with H i emission are identified and a continuum image is made
by combining the line-free channels. The continuum is hence subtracted from the data
†NRAO Astrophysical Image Processing System, a commonly used software for radio data processing.
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in the uv plane using the AIPS task UVSUB. The number of channels with H i emission
(n) is different for each galaxy. To determine if the H i power spectrum changes with
the width of the frequency channel, N successive channels are combined to obtain n/N
channels. Power spectrum analysis is performed for different values of N in the range
1 ≤ N ≤ n . The analysis is initially carried out for N = 1 and unless mentioned
otherwise the results refer to this value.
Figure 5.1 and 5.2 show the results of our analysis. The results are also summarized
in Table 6.2. We have detected the H i power spectrum of the galaxies DDO 210,
NGC 3741, UGC 4459, GR 8 and AND IV. For these galaxies we find a range of baselines
U , where the real part of P(U) estimated from the channels with H i emission is larger
than the imaginary part estimated from the same channels as well as the real part
estimated from the line-free channels. This is not true for KK 230 and KDG 52 (and
also for AND IV with N = n), for these galaxies all three curves (Figure 5.2) lie
within the 1 σ errors bars with very small offset and the interpretation is not straight-
forward. For the subsequent analysis we use only the real part of P(U) estimated from
the channels with H i emission and interpret it as power spectrum.
We find that a power law P(U) = A Uα provides a good fit at a baseline range Umin to
Umax with a reasonable χ
2/ν for DDO 210, NGC 3741, UGC 4459, GR 8 and AND IV.
The presence of a scale-invariant, power law power spectrum indicates that turbulence
is operational in the ISM of these galaxies. The range of length-scales for the power law
fit differs from galaxy to galaxy and in total it covers 100 pc to 6.2 kpc. The details are
summarized in Table 6.2.
Both H i density fluctuations as well as spatial fluctuations in the velocity of the
H i gas contribute to fluctuations in the H i specific intensity. To test if the power
spectrum has any contribution from the gas velocity fluctuations, we have repeated the
66
5.3 Results and discussions
P 
   
  (U
)
 
 
H
I
U   [k   ]λ
R (kpc)
Figure 5.1: Power spectrum of the galaxies DDO 210, NGC 3741 and UGC 4459. The
real and imaginary parts of P(U) estimated after averaging N channels with
H i emission, and the real part from N line-free channels are shown together
for N = 1 (left panel) and N = n (right panel). The error-bars are for the
real part from channels with H i emission. The best fit power law is shown
in bold. In each case Um is marked with a bold-faced arrow and the fit is
restricted to U > Um where the effect of the convolution with the window
function can be ignored.
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Figure 5.2: Power spectrum of the galaxies GR 8, AND IV, KK 230 and M81DWA. The
real and imaginary parts of P(U) estimated after averaging N channels with
H i emission, and the real part from N line-free channels are shown together
for N = 1 (left panel) and N = n (right panel). The error-bars are for the
real part from channels with H i emission. The best fit power law is shown
in bold only where such a fit is possible. For those, Um is marked with a
bold-faced arrow and the fit is restricted to U > Um where the effect of the
convolution with the window function can be ignored.
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Galaxy N ∆v Umin Umax Rmin Rmax α ζ2
(km s−1) (k λ) (k λ) (k pc) (k pc)
DD0 210 1 1.65 3.7 13.0 0.06 0.27 −2.3 ± 0.6 0.0± 1.2
NGC 3741 1 1.65 1.6 16.0 0.19 1.90 −2.2 ± 0.4 0.0± 0.8
UGC 4459 1 1.65 3.1 22.0 0.18 1.16 −1.8 ± 0.6 0.0± 1.2
GR 8 1 1.65 1.6 23.0 0.10 1.30 −1.1 ± 0.4 0.0± 0.8
AND IV 1 1.65 0.6 6.7 0.56 6.20 −1.3 ± 0.3 0.0± 0.6
DD0 210 10 16.5 3.7 13.0 0.06 0.27 −2.1 ± 0.6 0.0± 1.2
NGC 3741 8 13.2 1.6 16.0 0.19 1.90 −2.5 ± 0.4 0.0± 0.8
UGC 4459 12 19.8 3.1 22.0 0.18 1.16 −1.7 ± 0.4 0.0± 1.2
GR 8 8 13.2 1.6 23.0 0.10 1.30 −0.7 ± 0.3 0.0± 0.8
AND IV 16 26.4 − − − − − 0.0± 0.6
Table 5.3: The results for the 5 galaxies in our sample. Columns 1-9 give (1) Name
of the galaxy, (2) N : the number of channels averaged over, (3) ∆V : the
corresponding velocity width, (4) and (5) Umin and Umax: the baseline range
for which the power spectrum is determined, (6) and (7) Rmin and Rmax:
corresponding range of length scales in the galaxies disk, (8) α: the best fit
slope for the HI power spectrum, (7) ζ2: possible limits for the spectral slope
of the velocity structure function.
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power spectrum analysis increasing the channel thickness N from N = 1 to N = n.
In addition to N = 1, Figures 5.1 and 5.2, and Table 6.2 also show the results for
N = n where the channel thickness spans the entire frequency range that has significant
H i emission. We do not find a significant change in the slope of the power spectrum for
any of the galaxies. Since for all the galaxies the thickest channel is considerably larger
than the velocity dispersion, we conclude that the H i power spectrum is purely due
to density fluctuations and not gas velocities. The fact that the slope does not change
with channel thickness can be used to constrain the value of the slope of the velocity
structure function ζ2 (see Lazarian and Pogosyan 2000). The ζ2 values are tabulated in
Table 6.2.
The galaxies in our sample have slope α ranging from −2.6 to −1.1. The two galaxies
DDO 210 and NGC 3741 have slope ∼ −2.5, while the slope is ∼ −1.5 for UGC 4459
and AND IV, and −1.1 for GR 8. We have proposed a possible explanation for this
dichotomy in the values of α in Section 2.3. This was based on the fact that DDO 210,
where the power spectrum was measured across length-scales 100−500 pc, had a slope of
−2.6 while NGC 628, a nearly face-on galaxy where the power spectrum was measured
across length-scales 0.8 − 8 kpc had a slope of −1.6. We have interpreted the former
as three dimensional (3D) turbulence operational at small scales whereas the latter
was interpreted as two dimensional (2D) turbulence in the plane of the galactic disk.
In Chapter 4 we have performed numerical simulations which tend to support this
interpretation. Continuing with this implies that we have also measured 3D turbulence
in NGC 3741, and 2D turbulence in UGC 4459, GR 8 and AND IV. Our dwarf galaxy
sample contains 3 nearly face-on galaxies with iHI < 30
◦, namely DDO 210, UGC 4459
and GR 8. DDO 210 has 3D turbulence across the baselines 2.0− 10.0 kλ. The absence
of a break in the power spectrum places a lower limit of 160 pc on the scale-height. The
galaxies UGC 4459 and GR 8 exhibit 2D turbulence for the entire U range (Table 6.2)
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Figure 5.3: The slope α of the H i power spectrum plotted against ΣSFR, the SFR
per unit area. The area has been determined from optical images and H i
images in the left and right panels respectively. The galaxies with 3D and
2D turbulence are shown using empty and filled circles respectively. Note
that the SFR for DDO 210, marked in the figure, is only an upper limit. We
also include the data for NGC 628, a spiral galaxy. It is marked with an
arrow. The straight lines show the linear correlation that we find (discussed
in the text) between the slope of the H i power spectrum and the SFR per
unit area.
in the measured H i power spectrum. This imposes the upper limit of 51 pc and 30 pc
respectively on the scale-height.
The energy input from star formation is believed to be a major driving force for
the turbulence in the ISM (Elmegreen and Scalo, 2004). Also first stage of the star
formation process is known to be driven by the ISM turbulence. Hence, it is very
interesting to check whether the slope of the power spectrum of intensity fluctuations in
these galaxies has any correlation with the SFR. Any correlation, if present, will provide
an insight into the relation between the star formation and ISM turbulence. In a recent
study Willett et al. (2005) calculates the SFR per unit area for 9 irregular galaxies and
investigates the correlation with the V-band and Hα power spectra. The length-scales
they probe are 10 − 400 pc. In Hα they find that the power spectra becomes steeper
as the SFR per unit area increases. However they do not find any correlation in the
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V-band. In this paper we probe length-scales 100 pc to 3.5 kpc. We test for a possible
correlation between the slope of the power spectrum and the SFR per unit area and per
unit H i mass for the 5 dwarf galaxies in our sample (Figure 5.3). We also include
the spiral galaxy NGC 628. We report results using the area estimated from both, the
H i disk and the optical disk. The data for the SFR, angular extent, inclination in H i
and H i mass for these galaxies are from Begum et al. (2005) and Begum et al. (2008a).
The SFR is determined from Hα emission, and the angular extent in H i is determined
from the column density maps at the value of 1019 atoms cm−2. For the angular extent
and inclination of the optical disk we use the parameters from Begum et al. (2006b) and
Sharina et al. (2008). The linear correlation coefficient is found to have values 0.35 and
0.34 for the H i and optical disks respectively, indicating the absence of any correlation
between the slope of the power spectrum and the SFR per unit area. We have similar
result for SFR per unit H i mass for these 5 galaxies.
Turbulence can also possibly be related to different parameters of the galaxy. We
test for correlations between the slope of the H i power spectrum and the following
parameters: total H i mass, H i mass to light ratio, total dynamical mass, total baryonic
mass, gas fraction, baryon fraction. We use the estimates of these observable quantities
from Begum et al. (2008a). In all the cases the linear correlation coefficient is found to
lie between −0.5 and 0.5, indicating the absence of correlation.
In the above analysis we have considered galaxies with both 3D and 2D turbulence
taken together, which in turn can suppress the correlations. Hence, we further investi-
gated the correlations by considering the 3 galaxies in our sample with 2D turbulence.
In this case the correlation coefficient comes out to be −0.70 and −0.74 for SFR per unit
area of optical and H i disks respectively. This indicates a strong correlation and the
result is similar to that of Willett et al. (2005), namely that the surface density of star
formation rate is larger for galaxies with steeper H i power spectrum. These findings
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indicate a possible link between star formation and the nature of turbulence in the ISM.
However, it would not be realistic to speculate on a possible cause and effect relation
between these two. It is quite possible that the observed correlation is an outcome of
extraneous factors which influence both.
5.4 Summary and conclusions
In this chapter we have performed and presented the power spectrum analysis of 7 faint
dwarf galaxies. For 5 of these galaxies we can conclusively estimate the power spectrum.
Below we summarize the main points of this chapter.
• ISM of the dwarf galaxies have a scale-invariant power spectrum consistent with
turbulence. Power law power spectrum of slope −1.1 to −2.6 provides good model
to these power spectrum.
• We have observed dichotomy in the slope of the power spectrum which we have
explained by 3D and 2D turbulence. Based on this we could also provide limits to
the scale-height of these galaxies.
• We have investigated possible correlation between the power spectrum slope and
the dynamical parameters of the galaxies. Our null result suggests that these
parameters does not influence turbulence in the dwarf galaxies.
• We have found a correlation between the SFR per unit area (of the optical disk and
the H i disk) with the power spectrum slope for the galaxies with 2D turbulence in
our sample. This is a possible indication of the relation between the star formation
and turbulence in the ISM. However, the Hα emission is not a good tracer of SFR
in low mass galaxies due to stochastic star formation (Karachentsev and Kaisin,
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2007; Lee et al., 2007). Also, the length-scales across which the power spectrum
has been estimated for the dwarf galaxies in our sample are substantially larger
than the optical disk where star formation occurs. These points must be taken
into consideration while interpreting our results.
Finally, we note that the total number of galaxies in our analysis is rather small for
a statistical conclusion. A larger galaxy sample is required for a better understanding
of the generic features, if any, of turbulence in the ISM of faint dwarf galaxies. We
considered the possibility of performing the power spectrum analysis of a larger sample
derived from the FIGGS ‡. We tried to estimate the power spectrum of the galaxies
DDO 43, DDO 125, DDO 189, UGC 7605 and UGC 8508. We found that the FIGGS data
are noise limited for these galaxies which suggests the necessity of deeper observations.
‡Faint Irregular Galaxies GMRT Survey (Begum et al., 2008a)
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THINGS Galaxies
6.1 Introduction
In Chapter 3 we have performed power spectrum analysis of three spiral galaxies and
have found that the power spectrum shows the existence of scale-invariant structures
in the ISM at a wide range of length-scales starting from ∼ 10 kpc to lower. It will
be interesting to probe ISM of a sample of spiral galaxies to investigate the nature of
turbulence therein and possible relation of turbulence with the other dynamical proper-
ties of the galaxy. This requires systematic observations of a hand full of nearby spiral
galaxies with good spatial resolution.
THINGS, The H i Nearby Galaxy Survey, is a survey using H i 21-cm emission of
34 nearby galaxies obtained using the VLA (Walter et al., 2008). The main aim of this
survey is to investigate the nature of the ISM, galaxy morphology, star formation and
mass distribution etc. across the Hubble sequence. THINGS provides homogeneous, high
quality 21-cm data cubes, with high spatial (∼ 6) and velocity (≤ 5.2 km s−1) resolution,
for a representative sample of local spiral and dwarf galaxies. de Blok et al. (2008) have
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presented high resolution rotation curve for the galaxies in the THINGS sample. Star
formation rate and efficiency of the THIGNS galaxies are also very extensively studied
(Bigiel et al., 2008; Leroy et al., 2008). This is an ideal data set for a comparative study
of turbulence in the neutral ISM of spiral galaxies. In this chapter we present the result
of power spectrum analysis of a sample of 18 spiral galaxies drawn from the THINGS
survey.
6.2 Data and analysis
Here we restrict our analysis to the spiral galaxies in the THINGS sample with minor
axis greater than 6′. Table 6.1 gives different parameters of the galaxy sample ana-
lyzed here. The values for the parameters like the distance to the galaxy, SFR and the
total H i mass is taken from Walter et al. (2008), whereas values for the inclination
angle are taken from de Blok et al. (2008). de Blok et al. (2008) also present rotation
curves for the 13 galaxies in our sample. We use these rotation curves to estimate the
dynamical mass for those galaxies. For the rest of the galaxies the dynamical mass val-
ues are taken from Bottinelli and Gouguenheim (1973); Huchtmeier and Witzel (1979);
Huchtmeier and Seiradakis (1985); Kamphuis and Briggs (1992); Sofue (1996) and then
rescaled for the adopted distances noted in Table 6.1. We have estimated the H i
velocity dispersion using a method described in Section 6.3. Note that, although the
galaxy NGC 4826 fits our selection criteria, we have not used it in our analysis. It has
a very bright H i core which makes the window function complicated and the power
spectrum estimation is not straight forward.
The observations and data reduction of the THINGS galaxies are discussed inWalter et al.
(2008)∗. For our analysis, we start with the calibrated uv data prior to continuum sub-
∗We are indebted to Fabian Walter for providing us with calibrated H i data from the THINGS survey.
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Galaxy Major Minor D iHI SFR MHI Mdy σv
(′) (′) (Mpc) (◦) (M⊙ yr−1) (108 M⊙) (1011 M⊙) (km s−1)
NGC 628 22.0 20.0 7.3 15.0 1.2 38.8 6.3 7.2
NGC 925 16.0 10.0 9.2 50.0 1.1 45.8 1.7 9.4
NGC 2403 25.0 22.0 3.2 55.0 0.9 25.8 3.1 9.6
NGC 2841 22.0 26.0 14.1 69.0 0.2 85.8 31.2 21.6
NGC 2903 25.0 15.0 8.9 66.0 − 43.5 4.3 15.8
NGC 3031 38.0 24.0 3.6 59.0 1.1 36.4 5.2 12.9
NGC 3184 17.0 14.0 11.1 29.0 1.4 30.7 6.4 9.1
NGC 3198 22.0 7.5 13.8 72.0 0.9 101.7 8.1 11.6
NGC 3521 22.0 7.5 10.7 69.0 8.4 80.2 12.2 29.8
NGC 3621 25.0 15.0 6.6 62.0 2.1 70.7 12.8 22.6
NGC 4736 18.0 12.0 4.7 44.0 0.4 4.0 1.2 11.4
NGC 5055 30.0 25.0 10.1 51.0 2.4 91.0 12.8 12.0
NGC 5194 16.0 12.0 8.0 30.0 6.1 25.4 2.7 14.4
NGC 5236 30.0 24.0 4.5 31.0 2.5 17.0 2.6 10.9
NGC 5457 30.0 25.0 7.4 30.0 2.5 141.7 5.9 15.6
NGC 6946 35.0 25.0 5.9 35.0 4.8 41.6 7.3 9.3
NGC 7793 12.0 9.0 3.9 43.0 0.5 8.9 0.7 9.9
IC 2574 14.0 8.0 4.0 51.0 0.1 14.8 0.5 9.9
Table 6.1: Some parameters of the galaxies used for the power spectrum analysis.
Columns 1-9 gives 1) Name of the galaxy, 2) and 3) Major and Minor
axis at a column density of 1019 atoms cm−3, 4) Distance to the galaxy,
5) average HI inclination angle, 6) Star Formation Rate, 7) HI mass, 8)
Dynamical mass, 9) average velocity dispersion. evaluated from the Mo-
ment II map. These values are obtained from the following refferences:
Walter et al. (2008), de Blok et al. (2008), Bottinelli and Gouguenheim
(1973), Huchtmeier and Witzel (1979), Huchtmeier and Seiradakis (1985),
Kamphuis and Briggs (1992), Sofue (1996).
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traction. In the standard THINGS pipeline, the continuum is subtracted by fitting a
linear polynomial to each visibility (i.e. AIPS task UVLIN), whereas for our analysis it
is important that the strong continuum sources be modelled and then subtracted from
the visibilities. For each galaxy, the frequency channels with H i emission are identified
and a continuum image is made by combining all the line-free channels. This contin-
uum is then subtracted from the data in the uv plane using the AIPS task UVSUB.
The resulting continuum-subtracted data are used subsequently. We follow the pipeline
discussed in Section 2.3 for the rest of the analysis.
6.3 Result and discussion
For each galaxy, we have identified a baseline range (Umin to Umax) over which the real
part of P(U) estimated from the channels with H i emission is large compared to both
its imaginary part and the real part of P(U) estimated from the line-free channels. A
power law of the form A Uα is found to provide a good fit to the observed power spectra.
Figure 6.1, 6.2 and 6.3 shows the result of our power spectrum analysis. The results
are also summarized in Table 6.2, where Column (2) to (7) gives the value for the
velocity channel thickness, range of baseline for the fit, corresponding range of length-
scales and the power law index α respectively for N = n (see Section 2.3). Column (8)
gives the power law index α for N = 1. Unless otherwise stated we will use the values of
α with N = n for further analysis. The presence of a scale-invariant, power law power
spectrum indicates that turbulence is operational in the ISM of these galaxies.
For the galaxies NGC 2841, NGC 3031 and NGC 3521, the angular extent, θ0, is
comparable to the telescope field of view and hence two observations with two different
pointing centers (North and South) were used. We refer these two different directions
using N or S after the galaxy’s name. For NGC 3031S, the power spectrum could be
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Galaxy ∆ v Umin Umax Rmin Rmax α α
(km s−1) (k λ) (k λ) (kpc) (kpc) (n = N) (n = 1)
NGC 628 41.6 1.0 10.0 0.8 7.5 −1.6± 0.1 −1.6± 0.1
NGC 925 41.6 1.0 10.0 0.9 9.2 −1.0± 0.2 −1.0± 0.2
NGC 2403 * 83.2 0.7 7.0 0.6 4.0 −1.1± 0.1 −2.1± 0.3
NGC 2841N 83.2 1.0 10.0 1.4 14.0 −1.7± 0.2 −1.7± 0.1
NGC 2841S 83.2 1.0 10.0 1.4 14.0 −1.5± 0.2 −1.5± 0.1
NGC 2903 83.2 0.8 8.0 1.1 11.1 −1.5± 0.2 −1.5± 0.1
NGC 3031N 41.6 2.0 10.0 0.4 1.8 −0.7± 0.1 −0.7± 0.1
NGC 3184 41.6 0.7 7.0 1.6 15.8 −1.3± 0.2 −1.3± 0.1
NGC 3198 * 83.2 1.6 10.0 1.4 8.6 −0.4± 0.3 −1.6± 0.3
NGC 3521N 83.2 1.0 17.0 0.6 10.7 −1.8± 0.1 −1.8± 0.1
NGC 3521S 83.2 1.0 17.0 0.6 10.7 −1.6± 0.2 −1.6± 0.2
NGC 3621 * 83.2 1.0 12.0 0.6 6.6 −0.8± 0.2 −1.9± 0.2
NGC 4736 * 83.2 0.6 10.0 0.5 7.8 −0.3± 0.2 −0.9± 0.2
NGC 5055 83.2 1.0 10.0 1.0 10.0 −1.6± 0.1 −1.6± 0.1
NGC 5194 83.2 1.0 8.0 1.0 8.0 −1.7± 0.2 −1.7± 0.2
NGC 5236 83.2 0.6 6.0 0.8 7.5 −1.9± 0.2 −1.9± 0.2
NGC 5457 83.2 0.6 12.0 0.6 12.3 −2.2± 0.1 −2.2± 0.1
NGC 6946 20.8 1.5 10.0 0.3 4.0 −1.6± 0.1 −1.6± 0.1
NGC 7793 41.6 0.6 6.0 0.6 6.5 −1.7± 0.2 −1.7± 0.1
IC 2574 41.6 1.8 10.0 0.4 3.3 −1.7± 0.3 −2.0± 0.2
Table 6.2: Result of the power spectrum analysis with N = n and N = 1. Column 1 to
8 gives 1) name of the galaxy, 2) width of the channel used to estimate the
power spectrum, 3) and 4) the range of U value for which the power spectrum
is evaluated, 5) and 6) correspoindin length scales and 7) the power law index
α with 1 − σ error for N = n and Column 8) gives the power law index α
with 1 − σ error for N = n. We found the power law index α changes with
channel thickness for the galaxies marked by (*) in the table. The values for
the Umax, Umin, Rmax and Rmin are given for N = n only
.
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estimated over a very limited baseline range and hence we do not consider it here.
The length-scales over which we could fit the power law (Table 6.2) covers in total
a range from 300 pc to 15.8 kpc across the entire sample. The power spectrum of the
galaxy NGC 5457 is found to be a power law for the length-scale range of 0.6 kpc to
12.0 kpc which is the largest dynamical range obtained for an individual galaxy in our
analysis. Note that, NGC 3184 exhibits a power law power spectrum up to a length-
scale of ∼ 16 kpc, where the same for the galaxy NGC 2841 is 14 kpc. These could be
understood as the existence of turbulence in the ISM of the spiral galaxies at a scale
comparable to the radius of the galaxy’s disk.
Figure 6.4 shows a histogram of the distribution of the estimated power law index
α. The histogram is sharply peaked in the range α = −1.8 to −1.5. The mean and
the standard deviations are −1.4 and 0.5 respectively. We do not find a break in the
power spectrum of any of the galaxies in our sample. For all the galaxies in our sample,
the largest length-scales over which the power law is estimated are larger than the
typical scale-height of galaxies. Following the results of our simulation discussed in the
Chapter 4, we conclude that we are dealing with 2D turbulence for all these galaxies.
The galaxies in our sample have a wide range of inclination angles ‘i’, ranging from 7◦
for NGC 628 to 74◦ for NGC 2841. To investigate whether the spread in the value of α
seen here is an effect of the difference in i, we evaluate the linear correlation between the
power law index α and the inclination angle of the galaxy (Figure 6.5). The resultant
linear correlation coefficient of 0.25 is a clear indication that the dispersion in the values
of α is not due to the inclination angles.
At small scales, a major driving force of the ISM turbulence is the energy input from
star formation processes. For a sample of irregular galaxies Willett et al. (2005) finds
that on scales of 10 − 400 pc the power law index of the Hα power spectra becomes
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Figure 6.1: The real (triangle) and imaginary (circle) part of the estimator evaluated
using the channels with HI emission is plotted with the 1 σ error bars in a
log log scale against the baseline values for the galaxies NGC 628, NGC 925,
NGC 2403, NGC 2903, NGC 2841, NGC 3031 and NGC 3184. The real
part evaluated with the line-free channels (star) is also shown. The best
fit power law is given by the bold solid line. Note that in the U range the
power spectrum is deduced, the real part of the estimator has a higher value
compared to the imaginary part or the real part of it from the line free
channels.
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Figure 6.2: The real (triangle) and imaginary (circle) part of the estimator evaluated
using the channels with HI emission is plotted with the 1 σ error bars in log-
log scale against the baseline values for the galaxies NGC 3521, NGC 3198,
NGC 3621, NGC 4736, NGC 5055, NGC 5194 and NGC 5236. The real
part evaluated with the line-free channels (star) is also shown. The best
fit power law is given by the bold solid line. Note that in the U range the
power spectrum is deduced, the real part of the estimator has a higher value
compared to the imaginary part as well as the real part of it from the line
free channels.
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Figure 6.3: The real (triangle) and imaginary (circle) part of the estimator evaluated
using the channels with HI emission is plotted with the 1 σ error bars in log-
log scale against the baseline values for the galaxies NGC 5457, NGC 6946,
NGC 7793 and IC 2574. The real part evaluated with the line free channels
(star) is also shown. The best fit power law is given by the bold solid line.
Note that in the U range the power spectrum is deduced, the real part of
the estimator has a higher value compared to the imaginary part as well as
the real part of it from the line free channels.
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Figure 6.4: Shaded regions shows the histogram of the distribution of the power law
index α. Note that the histogram has 7 bins for 18 data points. Sample
mean µ and sample standard deviation σ is also shown.
Figure 6.5: Scatter plot of the average inclination angle i with power law index α. The
1 σ error bars of α are also shown. The value of the linear correlation
coefficient r is given at the top right corner.
84
6.3 Result and discussion
Figure 6.6: Scatter plot of the surface density of the star formation rate (Table 6.1)
with power law index α. The 1 σ error bars of α are also shown. The left
and right pannels shows the SFR per unit area of the optical and HI disk of
the galaxy respectively. The value of the Linear Correlation Coefficient r is
given at the top right corner of the each panel.
steeper as the SFR per unit area increases. In Chapter 5 we have reported a weak
correlation between the SFR and the power law index of the H i intensity fluctuations
in dwarf galaxies. We have calculated the linear correlation coefficient of α with the SFR
per unit area of the optical disk as well as the SFR per unit area of the H i disk. The
result, shown in Figure 6.6, suggests that on large-scales at least, there is no correlation
between the SFR and the power law spectral index.
We next investigate the linear correlation of the power law index α with the large scale
dynamical parameters of the galaxies namely the H i mass (MHI) and the dynamical
mass (Mdy). We use the values of the maximum rotational velocity (Vmax) and the maxi-
mum radius (rmax) from the rotation curves presented in de Blok et al. (2008) to evaluate
the dynamical mass enclosed within that radius, viz. (Mdy = V
2
maxrmax/G). Note that
de Blok et al. (2008) have given rotation curves for only 13 galaxies in our sample. For
the other 5 galaxies, namely NGC 68, NGC 3184, NGC 5194, NGC 5236 and NGC 5457,
we have taken theMdy estimates from earlier references, viz. (Bottinelli and Gouguenheim,
1973; Huchtmeier and Witzel, 1979; Huchtmeier and Seiradakis, 1985; Kamphuis and Briggs,
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Figure 6.7: Scatter plot of the dynamical mass Mdy and the total HI mass MHI with
power law index α. The 1 σ error bars of α are also shown. The value of the
Linear correlation coefficient r is given at the top right corner.
1992; Sofue, 1996). The MHI values are taken from Walter et al. (2008). Figure 6.7
shows the scatter plot of α with Mdy (left) and MHI (right) respectively. Our analysis
shows that α is not correlated with the dynamical mass or the total H i mass.
ISM turbulence can also be driven by the kinetic energy of the H i gas. In this case,
one would expect that the H i velocity dispersion (σv) would be correlated with α. We
use Eqn. (7) in Walter et al. (2008) to define the average H i velocity dispersion. In
estimating σv, we perform a 8 pixel smoothing on the THINGS archival Robust Weight
velocity dispersion (MOMENT 2) maps † and then resample it to a resolution of 6′′. The
overall velocity dispersion of the galaxies in the sample is evaluated using the values in
individual pixels of the resampled map (Table 6.1, Column (9). Figure 6.8 shows the
scatter plot of the σv values with α. We find no correlation between α and σv.
In summary, the slope α is not correlated with any of the galaxy parameters that we
have considered. While ∼ 40% of the α values are in the narrow range −1.8 to −1.5,
the remaining galaxies have α values spread over the broad range −2.2 to −0.3. It is
unclear if this arises from statistical fluctuations in the distribution of α, or if there is a
physical mechanism underlying this spread.
†http://www.mpia-hd.mpg.de/THINGS/Data.html
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Figure 6.8: Scatter plot of the average velocity dispersion σv with power law index α.
The 1 σ error bars of α are also shown. The value of the Linear correlation
coefficient r is given at the top right corner.
Both H i density fluctuations as well as spatial fluctuations in the velocity of the H i
gas could contribute to observed fluctuations in the H i specific intensity. Lazarian and Pogosyan
(2000) have shown that it is possible to disentangle these two contributions by studying
the behavior of the H i power spectrum as the thickness of the frequency channel is
varied. If the channel thickness ∆v is greater than the velocity dispersion for a galaxy,
the velocity fluctuations are averaged out and the intensity fluctuation power spectrum
becomes a direct probe of the density fluctuation alone. We investigate the possible
effect of the velocity fluctuation in the observed intensity fluctuation power spectrum by
estimating PHI(U) increasing the channel thickness (∆v) beyond the velocity dispersion
σv of the galaxy. We find the slope α of the power spectrum of the galaxies NGC 2403,
NGC 3198,NGC 3621 and NGC 4736 increase as the channel thickness is varied beyond
a value ∆v = vc. These galaxies are marked by an Astrix in the Table 6.2. We show
the variation of α with the increasing channel thickness for these galaxies in Figure 6.9.
It is interesting to note that for all four galaxies vc ∼ 20km s−1 and the change in slope
is independent of the velocity dispersion σv of the galaxy in question. We interpret the
value of α for the largest ∆v to be the power law index of the density fluctuation power
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Figure 6.9: Change in the slope of the power law index α with velocity channel thick-
ness is shown for the four galaxies NGC 2403, NGC 3198, NGC 3621 and
NGC 4736. Levels at the bottom shows the width of the velocity channels
whereas the top levels show the number of channels averaged together before
evaluating the power spectrum.
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spectrum (Figure 6.9). The slope of the power law is found to remain constant as the
thickness of the channels is varied for the rest of the galaxies in the sample. Since for
all the galaxies the thickest channel is considerably larger than the velocity dispersion,
we conclude that for these galaxies, the H i power spectrum is purely due to density
fluctuations and not the velocity fluctuations in the H i gas.
6.4 Summary and conclusion
This paper summarizes the power spectrum analysis of 18 spiral galaxies from the
THINGS sample. The estimated power spectra can be well fitted with a power law,
indicating the presence of turbulence in the ISM. This analysis is the first comprehen-
sive study of turbulence in spiral galaxies with a moderate sample size. In this section
we give a brief summary of the important findings from our power spectrum analysis.
• We find that the galaxies in our sample shows a power law power spectrum over
length-scales ranging from ∼ 300 pc to ∼ 16 k pc with several galaxies having
Rmax > 10 kpc. Presently there is no known mechanism which can drive turbulence
at such large length-scales.
• We have observed that for most of the galaxies in our sample, α ∼ −1.6 (Fig-
ure 6.4). This value of α is similar to that is found for 2D power spectrum of the
galaxies in Chapter 3.
• In Chapter 5 we have found no significant correlation between α and the SFR,
dynamical mass, total H i mass of dwarf galaxies. Here we estimate the power
spectrum of 18 external spiral galaxies which provide us a moderate sample size.
However, our analysis also shows that the α has no correlation with the inclination
angle, SFR, dynamical and total H i mass of these galaxies.
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• For most of the galaxies in our sample the width of the frequency channel is found
to have no effect on the power law index. The slope of the power spectrum re-
mains the same as the channel-thickness becomes greater than the average velocity
dispersion of the galaxies. This suggests that the intensity fluctuation power spec-
trum is a direct probe of the column-density fluctuations in the galaxy’s disk.
Interestingly, we notice that for four galaxies NGC 2403, NGC 3198, NGC 3621
and NGC 4736 the slope of the power spectrum decreases as the channel width
∆v is increased, and beyond a certain value of ∆v ∼ 20 km s−1 it remains con-
stant. However, the channel width where this transition occurs has no correlation
with the velocity dispersion of the galaxy considered. We found this to be differ-
ent from Lazarian and Pogosyan (2000) and presently do not have any physical
understanding of the reason behind this.
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This thesis presents our effort of probing turbulence in the ISM of the external galaxies
by estimating the power spectrum using radio-interferometric observations of H i 21-cm
radiation. Here we summarize our main results and discuss the future scopes.
• We have estimated the power spectrum of 25 external galaxies including 5 nearby
dwarf and 20 spirals. For every galaxy, the power spectrum is found to follow a
power law over a wide range of length-scales which spans 60 pc to 16 kpc in total.
This indicates that the ISM is turbulent at length-scale comparable to the radius
of the galaxy’s disk.
• We have observed a dichotomy in the estimated value of the power spectral index
and have explained it in terms of 2D and 3D turbulence at large and small scales
in the galaxy’s disk respectively. Based on a break in the power spectrum of the
galaxy NGC 1058 we have estimated its scale-height as 450 ± 60 pc. This is the
first determination of the scale-height of any external spiral galaxy.
• We investigated whether the turbulence is related to the different dynamical pa-
rameters like dynamical and H i mass, star formation rate etc. of the galaxies.
For the dwarf galaxies we found a weak correlation between surface density of star
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formation rate and the power law index. There was no such correlation observed
for the spiral galaxies.
• The observed power spectrum is found to have no effect of the velocity fluctuations
for 21 of the 25 galaxies we have analyzed. For the rest of the galaxies we have
observed power law index changes with the channel thickness indicating an effect
of the velocity fluctuation.
• Our power spectrum analysis of the harassed galaxy NGC 4254 has shown that the
galaxy harassment effects the ISM structures. The central part of such a galaxy
exhibit different dynamics compared to that in the outer disk.
• Given a power law power spectrum, its estimator introduced in this thesis is sensi-
tive to the slope but not to the amplitude of the power law. On the other hand, for
smaller length scales in our galaxy, the amplitude and slope of the power spectrum
is very well constrained. If one can carry out observations with more sensitivity
with better uv-coverage at the larger baseline range, it would be possible to probe
similar length scales in the external nearby galaxies with the existing radio interfer-
ometers like VLA or GMRT. This will provide a way of calibrating the amplitude
of the estimator we have used and then a direct comparison between the large and
small scale powers can be done. Also note that we have been restricted to the
nearby galaxies because of the limited angular resolution and hence linear resolu-
tion in the disk of the galaxies that we can achieve with the present telescopes.
For an even better uv-coverage and more dynamic range in the length scale within
which the power spectrum can be estimated, upcoming radio telescopes like SKA
will come be very useful.
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The known energy sources of ISM turbulence include galaxy rotation, self gravity,
supernovae etc., which are believed to drive turbulence at parsec scales. It is not clear if
these are equally effective in explaining the large scale turbulence observations reported
in this thesis. A detailed physical modeling is required to have better understanding
of ISM dynamics. It may be possible to estimate the ISM velocity fluctuation power
spectrum, which can independently test the existence and nature of turbulence in the
ISM. We wish to perform numerical simulation to understand the effect of velocity
fluctuations etc. in our power spectrum estimation. Finally, it will also be interesting
to study the ISM turbulence in a sample of galaxies residing in the cluster environment.
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Appendix
A Incomplete uv coverage and correlated noise in the
radio-interferometric observations
Noise in the visibility plane N (U) corresponds to I(N)(θ) given by
I(N)(θ) =
∫
dU ei2piU .θN (U) (A1)
Fourier transform is a linear operation and in practice a discrete Fourier transform is
used. We can write Eqn. (A1) as
I
(N)
j =
∑
k
FjkNk, (A2)
where Fjk are the components of the transformation matrix Fjk = exp(
i2pijk
N
). In a
typical radio-interferometric observation the uv plane is not completely sampled. The
actual inverse-transformation from the measured visibility to the specific intensity is
given by
I
(N)
j = FjkΓklNl , (A3)
where ΓklNl gives the measured visibility points. We call this matrix Γ as the projection
matrix. It is to note here, that Γ is an Identity matrix if all the points in the uv plane
are sampled, otherwise it is a diagonal matrix with diagonal elements as 0 or 1. In the
latter case the inverse of this matrix does not exist. Components of the noise covariance
matrix (assumed to be diagonal) can be written as
Nij = δijσ
2
i (A4)
We calculate the auto-correlation function as
ξ
(N)
ij = 〈I(N)i I(N)
†
j 〉
= Fik Γkp σ
2
p Γ
†
pn F
†
nj. (A5)
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In case of complete uv coverage, we have
ξ
(N)
ij = Fik δkp σ
2
p δpn F
†
nj
= σ2i δij , (A6)
since F is unitary. However for real observations with limited uv coverage Γkp is not a
identity matrix. The noise power spectrum is given by,
P
(N)
mj = F
†
mi ξij
= Γmp σ
2
p Γ
†
pn F
†
nj (A7)
This clearly shows that for limited baseline coverage, there exists correlated noise in the
image plane. Every attempt to estimate power spectrum from the Fourier transform
estimators hence has to take care of this correlated noise effect.
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B Validity of the 2D approximation.
In Chapter 2 we have assumed the baseline U as a 2D vector. This is rather an
approximation and in reality the vector U has three components. Here we discuss the
validity of the 2D assumption.∗
B1 2D and 3D visibility, the effect of w-term on the aperture
The direct observable in the radio-interferometric observations is the complex visibility
V3D(U , ν). For a pair of antennae separated by d, with each antenna pointing along the
direction of the unit vector k (referred to as the phase center) we have
V3D(U , ν) = e2piiw
∫
dΩn e
2piiU ·(n−k)A(n− k, ν)I(n− k, ν) (B1)
where n denotes the unit vector to different directions of the sky, baseline U = d/λ,
A(n− k, ν) denotes the primary beam and I(n− k, ν) is the specific intensity. Writing
U = U⊥+wk, where U⊥ is a 2D vector, and defining n−k = θ, we have, for | θ |≪ 1,
θ · k ≈ 0, implying that θ is a 2D vector. In this limit θ gives the position of any
point on the sky with respect to the phase centre in a 2D tangent plane. This is known
as the flat-sky approximation. The term wk quantifies deviation from this. In the 2D
approximation we have
V2D(U⊥, ν) =
∫
dθ e2piiU⊥·θ A(θ, ν) I(θ, ν) (B2)
Writing the specific intensity I(θ, ν) as I(θ, ν) = I¯ν + δI(θ, ν), where the first term is a
constant background and the second term is a fluctuation, we have
V2D(U⊥, ν) = I¯νA˜(U⊥, ν) + A˜(U⊥, ν)⊗ δ˜I(U⊥, ν) (B3)
where tilde represents a Fourier transform and ⊗ denotes a convolution.
The aperture function A˜(U⊥, ν), peaks at U⊥ = 0 and has a finite width. Hence, we
shall retain the second term in all subsequent discussions.
∗The Appendix is adopted from the originally published in the paper titled “The Effect of w-term on
Visibility Correlation and Power Spectrum Estimation” by Dutta et al. (2010b). Note that we have
used different symbols here compared to what is defined in rest of the thesis for reasons given in the
text.
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Figure B1: Schematic representation of a particular visibility measurement with a pair
of antenna A and B separated by a distance | d |. The square box at the
top right corner represents the portion of sky observed or the field of view
(FOV). The black dot at the centre of the FOV corresponds to the direction
to the phase centre k. Intensity fluctuations at a given direction n to the
sky is denoted as I(n − k, ν) or I(θ, ν). Note that θ is a 2D vector in the
plane of the sky.
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B Validity of the 2D approximation.
We note that, ignoring the w-term leads to a simplification of the expression for visibil-
ity and in the 2D approximation, V2D(U⊥, ν) is the Fourier transform of A(θ, ν)δI(θ, ν).
Hence, we have,
A(θ, ν) δI(θ, ν) =
∫
dU ′⊥ V2D(U ′⊥, ν) e−2piiU
′
⊥·θ (B4)
Substituting in Eqn. (B1) we obtain
V3D(U , ν) =
∫
dU ′⊥ K(U ,U
′
⊥, ν) V2D(U ′⊥, ν) (B5)
Where the kernel K(U ,U ′⊥, ν) is given as
K(U ,U ′⊥, ν) = e
−2piiw
∫
dΩn e
−2pii (U
′
⊥−U )·(n−k)
= 4pij0 (2pi | U ′⊥ −U |) , (B6)
with j0 denoting the Spherical Bessel function.
Defining a quantity A˜(U , ν) as
A˜(U , ν) = 4pi
∫
dU ′⊥ j0 (2pi | U ′⊥ −U |) A˜(U ′⊥, ν). (B7)
The scalar 3D visibility takes the form
V3D(U , ν) =
∫
dU ′⊥ A˜(U −U ′⊥, ν) δ˜I(U ′⊥) (B8)
It is to be noted that the ‘w’ dependence of V3D(U , ν) is translated to the function
A˜(U − U⊥, ν). This can be regarded as a modified aperture function. Note that
this function is a real valued function, unlike the complex Gaussian as discussed in
Hobson and Maisinger (2002). We investigate the nature of the modified aperture
A˜(U , ν) as a function of U⊥ for different values of w. We have assumed the primary
aperture A˜(U⊥, ν) to be a Gaussian, exp
[
− U2⊥
2U2
0
]
, of width U0, and evaluated the integral
in Eqn. (B7) numerically. We shall not explicitly write the ν dependence of A and A˜
henceforth. It can be shown that the modified aperture preserves the circular symmetry
of the primary aperture. The implicit ν dependence is present in these functions through
U0. For an antenna of diameter D, U0 can be approximately written as U0 ∼ D/λ for
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Figure B2: Modified aperture A˜(U⊥, w) plotted as a function of U⊥ for two different
values of w, (A) w = 400.λ and (B) w = 12. kλ at ν = 150 MHz. Solid line
in B shows the Gaussian envelope.
observing wavelength λ. We use U0 = D/λ with D = 45 m (specifications of the GMRT)
for the subsequent discussion. This corresponds to a FOV of 4◦ at 150 MHz. We shall
discuss the effect of larger FOV later.
Figure B2 shows the numerically evaluated modified aperture A˜(U⊥, w) as a function
of U⊥ for two representative values of w (A: w = 400 λ, B: w = 12 kλ) at frequency
ν = 150 MHz.
For w = 0 one reproduces the primary Gaussian aperture trivially. We also note that
for w ≪ U⊥ the Gaussian profile is still maintained (Figure B2:A). However for large
values of w the aperture function manifests oscillations (Figure B2:B). The period of
these oscillations is found to be sensitive to w (decreasing as w increases). The envelope
of the modified aperture is maximum at U⊥ = 0 and falls of gradually as U⊥ increases.
We found that a Gaussian, C exp
[
− U2
2U2w
]
, provides a good fit to the envelope. Ignoring
the effect of oscillations in A˜, we note that the 3D formalism can be recast in the same
form as its 2D counterpart with Uw taking the role of U0. Hobson and Maisinger (2002)
have obtained a similar result assuming small FOV, where, they have shown that the
effect of w-distortion can be considered as turning the primary beam into a complex
Gaussian.
We next investigate the dependence of Uw on w and frequency. For a given frequency
at large w, Uw is found to increase linearly with w, i.e, Uw ∼ m(ν)w. This implies
that the w-term effectively broadens the aperture of the instrument. Figure B3 shows
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Figure B3: Uw is plotted as a function of w for different central frequencies of GMRT.
Horizontal solid line corresponds to the maximum possible baseline.
~
Figure B4: Modified aperture A˜(U⊥, w) plotted as a function of U⊥ for w = 120. k λ
at ν = 1420. MHz.
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the variation of Uw with w for different frequencies in log-log scale. We note that, the
slope m(ν) (as represented by the y-intercept in the Figure B3) determines the effect
of w-term for increasing values of w. A small value of m(ν) implies a slow increase of
Uw with w and the effect of the w-term is less. m(ν) is found to fall off as ∼ 1/ν with
frequency. This indicates that the departure from the flat-sky approximation is more
pronounced at the lower frequencies. Redshifted 21-cm line observed at frequency ν
probes the redshift z =
[
1420(MHz)
ν
− 1
]
. Hence, one may expect the w-term to have a
greater effect while probing higher red-shifts.
In this thesis we use 21-cm line to study the ISM dynamics of the nearby galaxies
(z ∼ 0). Figure B4 shows the modified aperture function for frequency 1420 MHz and
w = 120 kλ (this being the maximum U for GMRT like arrays). At this frequency,
for GMRT, U0 = 0.1kλ, whereas Uw |w=Umax= 0.18kλ. It follows that the flat-sky
approximation can be safely used if the largest length scale probed, corresponds to a
U⊥ ≫ Uw |w=Umax.
Till now, we have investigated the effect of w-term using D = 45 m, which corresponds
to an FOV of 4◦ at 150 MHz. We estimated Uw |w=Umax assuming D = 4 m to D = 45
m at ν = 150 MHz. At D = 4 m, (which corresponds to the largest proposed FOV, 45◦,
of SKA), Uw |w=Umax= 4 kλ for Umax = 120 kλ. For all the cases mentioned above, a
Gaussian of the form C exp
[
− U2
2U2w
]
provides a good fit to the envelope of the modified
aperture function and we could set a value for Uw. Further, we also observe that for
these cases Uw |w=Umax≃ dmaxpiD , where dmax is the largest baseline of the telescope array.
This implies that Uw |w=Umax depends only on the geometry of the array configuration.
B2 Visibility correlation and power spectrum estimation
For 3D visibilities, power spectrum P (U⊥) can be estimated by performing the visibility
correlation as
V 3D2 (U) = 〈V 3D(U)V 3D(U)∗〉 =
∫
d2U
′
⊥ |A˜(U −U
′
⊥)|
2
P (U
′
⊥) (B9)
Noting that the effect of the w-term is contained in the modified aperture A˜. We can re-
trieve the 2D estimator V 2D2 defined in Section 2.2 (consider same baseline correlation)
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Figure B5: V 3D2 as a function of U⊥ for w = 0 (dot-dash) and w = Umax (dash) at
ν = 150 MHz, assuming P (U⊥) = U⊥
−2. We also plot P (U⊥) = U⊥
−2 (solid
line) for reference. The vertical arrows show the U⊥ value above which the
power law is recovered at 1%. Note that the plots are given arbitrary offset
for clarity.
by replacing A˜ with A˜. Hence,
V 2D2 (U⊥) =
∫
d2U
′
⊥ |A˜(U⊥ −U
′
⊥)|
2
P (U
′
⊥). (B10)
We note that V 3D2 (U ) and V
2D
2 (U⊥) become V
3D
2 (U) and V
2D
2 (U⊥) for circularly sym-
metric primary aperture. We shall now discuss the effect of the w-term on the estimator
defined in Eqn. (B9).
Figure B5 shows V 3D2 plotted as a function of U⊥ for two values of w, (w = 0 and
w = Umax) at ν = 150 MHz, assuming P (U⊥) = U⊥
−2. We have chosen Umax = 12kλ
(this being the largest baseline for the GMRT at 150 MHz). We have shown the power
spectrum P (U⊥) = U⊥
−2 for comparison. For large values of w, V 3D2 show oscillations
for U⊥ < Uw, which arises due to the oscillatory nature of |A˜(U)|2.
We find that V 3D2 faithfully recovers the power law U⊥
−2 (at 1%) for U⊥ greater than
a certain value. This value is found to be 3 × (√2U0) for w = 0 and 3 × (
√
2Uw) at
w = 12 kλ. Hence, a non-zero w-term changes the U⊥ value beyond which the power
spectrum estimation would be valid.
The quantity of interest in power spectrum estimation using the radio-interferometric
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w = 0 w ∼ Umax
Aperture A˜(U⊥) A˜(U⊥, w)
width U0 Uw
Visibility
correlation V 2D2 (U⊥) V
3D
2 (U⊥, w)
Table B1: The effect of w-term, comparison between various quantities.
150 (M Hz) 1420 (M Hz)
U0 0.01 0.1
Umax 12.0 120.0
Uw |w=Umax 0.18 0.18
Table B2: Relevant U⊥ (k λ) values at different frequencies.
observations used in this thesis is actually the quantity
E(U⊥) =
∫ Umax
0
dw ρ(w) V 3D2 (U⊥, w), (B11)
where, ρ(w) is a normalized probability distribution of w. The function ρ(w) is specific
to an observation as well as to the array configuration of the interferometer. Hence,
it is difficult to make a general quantitative statement regarding the effect of w-term
in E . Since, for a given w, the largest baseline above which V 3D2 (U⊥, w) ∼ P (U⊥) is
Uw, we can qualitatively state that E gives a good estimation of the power spectrum
for U ≥ 3 Uw |w=Umax. It is important to note that, for a specific array configuration,
Uw |w=Umax is independent of the frequency ν, whereas Umax ∝ ν (Table B1). Hence,
the U⊥ range amenable for power spectrum estimation is larger for large observing
frequencies and the use of the 2D visibility for the analysis presented in this thesis is
justified.
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C Error in the visibility correlation estimator
C Error in the visibility correlation estimator
The real and imaginary parts of the estimator P(U) have uncertainties arising from (1.)
the sample variance and (2.) the system noise. In this section we provide a method of
estimating the error in the visibility correlation estimator.
C1 The noise covariance matrix
In radio astronomy the total power available at a radio telescope terminal is conveniently
stated in terms of the system temperature T sys = (Total power)/kB, where kB is the
Boltzmann’s constant. The system temperature obtained for the antenna looking at a
blank sky gives a measure of the total random noise in the system. This noise is assumed
to be Gaussian random with zero mean and its variance for the jth antenna can be given
by σ2j = T
sys
j .
It can be shown that for most practical purposes, a pair of baselines i and j observing
a point source with flux density S, with an integration time of T , at a bandwidth of ∆ν
the noise covariance matrix is (Chengalur et al., 2007)
σ2ij =
T sysi T
sys
j
2 T ∆ν
. (C1)
It is important to remember that usually the interferometers do not record the self
correlations and hence all i = j are not considered from the above expressions. Now
if the antenna pairs i − j corresponds to a baseline of U , then variance of both the
real and imaginary part of N (U , ν) is σij . For a typical observation, the noise is also
uncorrelated and constant across the frequency channels.
An important property of the noise is that at two baselines UA and UB the noise is
uncorrelated, i.e,
〈N (UA)N (UB)〉 = δABN2(UA) (C2)
where N2(UA) is noise covariance matrix for a given baseline UA. Assuming Poisson
system noise we can write,
N2(U) =
(T sys)4
4T 2(∆ν)2
= N2, (C3)
since N2(U) is independent of U .
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C2 Variance in the real and imaginary part of P(U)
We assume that the density fluctuations produced due to the ISM turbulence is ho-
mogeneous and isotropic. In such cases we can replace the ensemble average in the
Eqn. (2.12) by an angular average. The real part of each multiplication of the visibili-
ties V(U i) and V(U i +∆U ) with ∆U < 1/piθ0, provide us an independent estimate,
P(U i) = Re [V(U i)V∗(U i +∆U)] = Pi. (C4)
We consider annular regions in the uv plane as shown in Figure C2 (the region between
U a and U b) and average over all the individual estimates Pi in the annulus to get
P = 1
Nb
Nb∑
i=1
Pi, (C5)
where, Nb is the number of individual estimates Pi in the given U bin. This value of P
is then proportional to the power spectrum PHI(U) for U = (Ua + Ub)/2.
We will now calculate the variance of the power spectrum estimator we have just
discussed. It is to be noted that, since visibilities at two different baselines U i and
U i + ∆U remains correlated for ∆U ≤ 1/piθ0, all the estimates Pi of Eqn. (C5) are
not independent. Figure C1 shows three different estimates of P, namely P1, P2 and
P3, among which P1, P3 and P2, P3 are mutually independent estimates, but, P1, P2
are not independent. This suggests that we can break the Pi’s in say Ng groups such
that, inside a group, the Pi’s are not independent, however, the estimates from different
groups are independent. Hence, we can write,
P = 1
Ng
Ng∑
i=1
PNi (C6)
where, Ni are the number of P’s in the ith group and
PNi =
1
Ni
Ni∑
j=1
Pj (C7)
with 〈PNiPNj〉 = 0 for i 6= j and
∑Ng
i=1Ni = Nb.
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u
v
C
A
B
M N a
b
=  Re A B(V   V  )
*P1
=  Re A C(V   V  )
*
=  Re M N(V   V  )
*
P2
P3
Figure C1: A particular annular region between UA and UB is shown. Note that the
visibility V(UA) and V(UN) are correlated with all the visibilities in the
corresponding shaded circular regions. The estimates P1 and P2 are not
mutually independent estimates where as the estimates P1 and P3 or P2 and
P3 are mutually independent estimates.
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Variance of the estimator is defined as
σ2P = 〈P2〉 − 〈P〉2
=
1
N2g
Ng∑
i=1
σ2PNi
, (C8)
where σ2PNi
= 〈P2Ni〉 − 〈PNi〉2. Assuming V2(∆U) = 〈V(U i)V(U i + δU)〉, we can write,
σ2PNi
=
V2(∆U)2 + V2(0)2
2
+
N22 + V2(0)N2
2Ni
(C9)
Hence, using Eqn. (C8), we get the variance of the estimator given by
σ2P = 〈P2〉 − 〈P〉2
=
V2(∆U )2 + V2(0)2
2Ng
+
N22 + 2V2(0)N2
2N2g
Ng∑
i=1
1
Ni
(C10)
In general, all Ni’s are different. If we assume N1 = N2 = · · · = Ni, then above
Eqn. (C10) becomes
σ2P =
V2(∆U)2 + V2(0)2
2Ng
+
2V2(0)N2 +N22
Nb
(C11)
For an observation, when N2 ≫ V2(0), we can approximate the above equation as
σ2P =
V2(∆U)2 + V2(0)2
2Ng
+
N22
2Nb
(C12)
Since, we expect the value of the correlation V2(∆U) at two different baselines separated
by | δU |<< θ−10 is approximately same as the correlation V2(0) at the same baselines,
we can write,
σ2P =
P2
Ng
+
N22
2Nb
(C13)
This expression is used by Ali et al. (2008) in calculating the variance in the power
spectrum of the foreground signal in EOR (Epoch of Reionization) observation. We can
identify the first term in Eqn. (C13) as a contribution from the sample variance and
the second term arising due to the statistical fluctuation.
For the sake of completeness we mention here that the visibility correlation defined in
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Eqn. (2.13) also have an imaginary part defined as
PI(U i) = Im [V(U i)V∗(U i +∆U)] = PIi . (C14)
However, when averaged over all the realizations, it can be shown that,
〈PI〉 = 〈 1
Nb
Nb∑
i=1
PIi 〉 = 0 (C15)
with
σ2PI =
V2(0)2 − V2(∆U )2
2Ng
+
N22 + 2V2(0)N2
2N2g
Ng∑
i=1
1
Ni
(C16)
Since, we expect the value of the correlation V2(∆U) at two different baselines separated
by | δU |<< θ−10 is approximately same as the correlation V2(0) at the same baselines,
we can safely neglect the first term compared to the second term. Further, if N1 = N2 =
· · · = Ni, and for N2 ≫ S2(0), Eqn. (C16) becomes
σ2PI =
N22
2Ng
(C17)
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